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Summary 
 
The mammalian brain is considerably more complex than that of its vertebrate 
relatives. During evolution, it has experienced many changes in size and 
structure across different lineages. A fundamental part of this process was the 
appearance of the neocortex, a structure unique to mammals that forms the 
outer surface of the cerebrum. The number of neurons in certain species is 
greatly expanded, resulting in an increase of the neocortical surface that leads 
to a characteristic folding into ridges (gyri) and grooves (sulci). This trait is 
known as gyrencephaly, as opposed to lissencephaly, in which the cerebral 
cortex has a smooth surface and typically contains fewer neurons. The 
foundation for the neocortex can be traced back to neurogenesis, the 
developmental mechanism by which neurons are born from multiple types of 
specialized neural progenitors.  
 
In this study, possible causes underlying neocortical expansion are 
investigated through the study of the cell biological features and the relative 
abundance of different progenitor types in the developing neocortex of a 
gyrencephalic animal, the ferret (Mustela putorius furo).  
 
Progenitor types were defined by immunofluorescence detection of Pax6 
and/or Tbr2. These are two transcription factors sequentially expressed by 
neural progenitors, in correlation with their progressive restriction towards a 
neurogenic fate. An abundant progenitor population positive for both Pax6 and 
Tbr2 is found in all proliferative areas. These are proposed to be transit-
amplifying progenitors (TAPs), a progenitor type that is thought to play an 
important role in cortical expansion. 
 
The cell cycle features of each progenitor type were analyzed by performing 
cumulative S-phase labeling. EdU (5-ehtynyl-2ʼ-deoxyuridine), a thymidine 
analogue, was administered at short intervals to ferret kits on postnatal day 1, 
a late neurogenic stage. Neural progenitors incorporated the analogue during 
the DNA synthesis phase (S-phase) of the cell cycle. The duration of each cell 
cycle phase for each progenitor population was calculated through analysis of 
the rate of incorporation of EdU into cycling cells.  
 
Apical progenitors (APs) have a cell cycle of approximately 50 h, dedicating 
one-third of it to S-phase. Basal radial glia (bRG) display a slightly longer cell 
cycle (55 h), with S-phase occupying about one-fourth of it. Intermediate 
progenitors (IPs) have the shortest cell cycle among neurogenic progenitors 
(41 h), spending only 4 % of it in S-phase. The cell cycle of TAPs is slightly 
longer (44 h), but their S-phase occupies a greater part of it (22 %). These cell 
cycle features suggest that APs, bRG and TAPs all have self-renewal 
capacity, while IPs are committed to a final division.  
 
A live imaging method in ferret organotypic brain slice culture was 
successfully established. Cells in the developing neocortex were labeled with 
a GFP expressing adenovirus in order to follow their cell cycle and study 
different progenitor types and their lineages. The results of the initial 
experiments were consistent with previous knowledge in other systems and 
with our proposed model. 
 
This work thus contributes to the study of the cell biology of the different types 
of neural progenitors in gyrencephalic brains, by describing their cell cycle 
features. Future work will focus on the established live imaging method, 
performing more experiments in order to investigate the accuracy of the 
lineages proposed here. Recent technical advances in work with ferrets 
should allow for the refinement and improvement of the imaging procedures. 
The possibility of genetically manipulating ferret neural progenitors will permit 
the study of functional aspects that might lead to the lengthening or 
shortening of specific cell cycle phases, thereby altering cell fate. 
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“Muad'Dib learned rapidly because his first training was in how to learn. And the first 
lesson of all was the basic trust that he could learn. It's shocking to find how many 
people do not believe they can learn, and how many more believe learning to be 
difficult. Muad'Dib knew that every experience carries its lesson.” 
 
Frank Herbert, Dune 
 
 
 
(In memory of Pablo Fraile Suárez, Smilebringer) 
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1. INTRODUCTION 
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1.1 Cortical development 
 
1.1.1 Developmental origin of neurons 
 
All cells in the vertebrate nervous system are generated from neural 
progenitors. Early in embryonic development, part of the neuroectoderm 
thickens and differentiates to form the neural plate, a patch of columnar 
epithelium that subsequently folds along the anteroposterior axis of the 
embryo, forming the neural tube. This structure is the origin of all the central 
nervous system (CNS). It is composed of epithelial tissue (known as the 
neuroepithelium) lining a fluid-filled central cavity.  
 
The rostral region of the neural tube gives rise to the brain, and the caudal 
part to the spinal cord. As development proceeds, the neural tube expands 
locally, forming transient vesicles that will eventually give rise to the different 
parts of the mature CNS. The rostral-most part of the neural tube, called 
prosencephalon, is the developmental origin of the forebrain. The most 
anterior vesicles within the prosencephalon, called the telencephalic vesicles, 
or simply the telencephalon, differentiate to form the cerebrum. The ventral 
part of the telencephalon, the subpallium, will form the basal ganglia, and its 
dorsal region, or pallium, will become the cerebral cortex. All the neurons that 
compose the mature cerebrum are born from telencephalic neural progenitors. 
 
The process by which neural progenitors give rise to neurons is called 
neurogenesis. Most of the neocortical neurons are generated from progenitors 
located in the dorsolateral telencephalon, although certain populations are 
generated in other areas, migrating into the cortex as it develops. The initial 
neuroepithelial cells progressively differentiate into several neural progenitor 
types with varying self-renewing potential and fate restrictions (Franco and 
Müller, 2013).  
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The length of the neurogenic period is highly variable, lasting approximately 
seven days in the mouse (from embryonic day 10 [E10] to E17), and several 
weeks in the human (from gestational week 5 [GW5] to GW25, and probably 
beyond [Bystron et al., 2008; Malik et al., 2013]). In some species 
neurogenesis continues beyond birth. In the case of the ferret, it starts around 
E24 and lasts up to postnatal day 10 (P10) in certain brain regions (Noctor et 
al., 1997). As neurogenesis comes to an end, neural progenitors enter 
gliogenesis, producing macroglial cells (astrocytes and oligodendrocytes) 
(Guillemot, 2007; Rowitch and Kriegstein, 2010). 
 
1.1.2 Evolution of the neocortex 
 
The neocortex is a highly complex structure of the cerebral cortex, exclusive 
to mammals (Lui et al., 2011). It is formed by six neuronal layers, 
interconnected among them and with other parts of the nervous system. 
These layers are generated in an inside-out manner: neurons born early 
during development form the innermost, or deep, layers, and later-born 
neurons subsequently generated migrate past them to establish the outer, or 
upper, layers (Angevine and Sidman, 1961; Rakic, 1974; Takahashi et al., 
1999; Gao et al., 2013).  
 
The neocortex is divided into different functional areas, which have evolved 
differently among mammalian species, reflecting a great evolutionary plasticity 
(Krubitzer, 2009). Additionally, considerable variability is found in the degree 
of cortical folding across species. Some mammals have a neocortex with a 
smooth surface, a trait known as lissencephaly, whereas others display a 
highly convoluted cortical surface, folded into grooves (sulci) and ridges (gyri), 
in what is known as gyrencephaly (Zilles et al., 2013). There are both 
lissencephalic and gyrencephalic species in all mammalian superorders. It is 
thus difficult to ascertain whether mammalian ancestors had a folded or 
smooth neocortex, although recent evidence tends to favor the former 
hypothesis (OʼLeary et al., 2013).  
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A high degree of neocortical folding is related to an evolutionary increase in 
the cortical surface and overall brain volume, mainly due to the presence of a 
greater number of neurons (Lewitus et al., 2013; Zilles et al., 2013). It has 
been hypothesized that gyrencephaly could be a purely mechanical feature, 
caused by the traction of neuronal axons, although the evidence for this is 
scarce (Hilgetag and Barbas, 2006; Lewitus et al., 2013, Zilles et al., 2013).  
 
Most attempts to understand neocortical expansion have focused on the 
developmental mechanisms underlying it, the importance of which is 
underscored by the numerous neurodevelopmental disorders known to affect 
brain size and cortical folding (Kaindl et al., 2010; Manzini and Walsh, 2011; 
Poduri et al., 2013). The presence and relative abundance of certain types of 
neural progenitors, as well as the associated expansion of specific 
proliferative areas, have been proposed to play a crucial role in the increase 
in neuron number leading to gyrencephaly (Lewitus et al., 2013, Zilles et al., 
2013). 
 
1.1.3 Cytoarchitecture of the developing neocortex 
 
As the telencephalon develops, it expands laterally and radially, and the 
neuroepithelial cells lining its ventricle progressively differentiate into other 
neurogenic progenitor types. During neurogenesis, this tissue is further 
organized into several distinct histological regions: proliferative areas, 
intermediate zone and neuronal layers (fig. 0). 
 
The proliferative areas are the site of neural progenitor division and neuron 
production. The first proliferative area to appear in development (and the only 
one in most non-mammalian vertebrates) is located adjacent to the ventricle, 
and is thus called the ventricular zone (VZ). It is composed of radially 
aligned, tightly packed cells called apical progenitors. After the onset of 
neurogenesis, the first neurons start to be produced, and a new proliferative 
area gradually appears, basally from the VZ. It is known as the 
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subventricular zone (SVZ), and it is populated by densely packed, mostly 
nonpolar cells. The SVZ is the main source of neocortical neurons at mid- and 
late stages of neurogenesis, and is believed to be fundamental for the 
development of six-layered cortices (Cheung et al., 2010).  
 
In many mammalian species, the SVZ is further subdivided into two 
compartments (fig. 0): the first one, or inner subventricular zone (ISVZ), 
follows the SVZ description above. The more basal compartment, called the 
outer subventricular zone (OSVZ), appears later in development, and it is 
greatly expanded in gyrencephalic species (Smart et al., 2002; Fish et al., 
2008; Cheung et al., 2007; Lui et al., 2011; Franco and Müller, 2013). Its cells 
are less densely packed than those in the ISVZ, and display a loosely radial 
alignment. 
 
The intermediate zone (IZ) is a sparsely populated transitional area that 
appears between the proliferative areas and the neuronal layers. Neurons are 
born in the proliferative areas, and migrate through the IZ before reaching 
their final positions in the cortical plate (fig. 0). 
 
The neuronal layers are the basal-most part of the developing 
telencephalon, located immediately below the pia mater. Early in mammalian 
development, a population of neurons called predecessor cells forms a 
transient layer known as the preplate. Later-born neurons form the cortical 
plate (CP), which comprises the future layers II-VI of the mature cortex. With 
the emergence of this layer, the preplate is split into the marginal zone (future 
layer I), located above the CP, and the subplate, located below (fig. 0).  
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1.2 Neural progenitor types 
 
1.2.1 Apical progenitors 
 
As the neural tube expands during the early stages of development, the 
neuroepithelium is composed of a single type of progenitors, the 
neuroepithelial (NE) cells. They are organized radially around the neural 
tube, with their apical side facing the central cavity. The nuclei of these cells 
undergo a cell cycle-associated radial movement called interkinetic nuclear 
migration (INM). They divide at or close to the ventricular surface, then 
migrate basally during G1, undergo S phase at basal locations and during G2 
they rapidly move back to the apical surface, where they divide again 
(Taverna and Huttner, 2010; Lee and Norden, 2013). This makes the 
neuroepithelium a pseudostratified tissue, in which cell nuclei span most of its 
thickness while all cells maintain contacts with both the apical and the basal 
surfaces through long cytoplasmic extensions called cell processes. As the 
tissue thickens, neuroepithelial cells grow in the radial axis; their processes 
become progressively elongated, keeping contact with both surfaces.  
 
With the onset of neurogenesis, NE cells undergo a series of cell biological 
changes (Götz and Huttner, 2005), becoming a new type of progenitors, 
termed radial glia (RG) due to their expression of certain glial markers, 
(Kriegstein and Álvarez-Buylla, 2009). Like NE cells, RG express the 
transcription factor Pax6 (paired box 6) (Götz et al., 1998), maintain apical 
and basal contacts throughout their cell cycle, and perform interkinetic nuclear 
migration in the VZ, dividing at the apical surface; due to this feature, NE cells 
and RG are collectively named apical progenitors (APs; fig. 0). APs are the 
source of all the other types of neural progenitors present in the developing 
telencephalon.  
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1.2.2 Intermediate progenitors 
 
Intermediate progenitors (IPs; fig. 0) appear after the onset of 
neurogenesis. They are generated from APs in the VZ. They delaminate from 
the VZ and migrate basally, forming the SVZ, where they divide to generate 
neurons (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; 
Kowalczyk et al., 2009). They do not have any contact with either the basal or 
the apical surface of the tissue, hence lacking apicobasal polarity cues; they 
are thus described as nonpolar (or multipolar) progenitors. They express the 
transcription factor Tbr2 (T-brain 2) (Englund et al., 2005). 
 
 
1.2.3 Basal radial glia 
 
Basal radial glia (bRG; fig. 0) are another type of basally dividing (or simply 
basal) progenitors (Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011). 
They are generated from APs after an asymmetric division where one of the 
daughter cells inherits the basal process, but loses contact with the apical 
surface (Shitamukai et al., 2011; Wang et al., 2011; LaMonica et al., 2013). 
This daughter cell then delaminates from the ventricular surface, moving into 
the SVZ, where it will subsequently divide. bRG maintain their basal process 
throughout the cell cycle, and are hence described as a monopolar 
progenitors (Fietz and Huttner, 2011). The basal process is thought to be 
important for signaling (Fietz et al., 2010) and/or scaffolding, as a guide for 
migrating neurons (Reillo et al., 2011; Borrell and Reillo, 2012). bRG are most 
abundant at late stages of neurogenesis (Fietz et al., 2010; Wang et al., 
2011). They express the transcription factor Pax6 (Fietz et al., 2010; Hansen 
et al., 2010). Immediately before division, the nuclei of bRG perform a rapid 
basally directed movement, termed mitotic somal translocation (MST) 
(Hansen et al., 2010; Wang et al., 2010, LaMonica et al., 2013). 
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1.2.4 Other progenitor types 
 
Additional types of progenitors have been recently described, although so far 
they have not been characterized in depth:  
 
Short neural precursors (SNPs; fig. 0) are neurogenic progenitors that 
reside in the VZ. They keep contact with the apical surface, but not the basal 
one, displaying only a short basal process. They divide at the apical surface, 
and they can be distinguished by the expression of both Pax6 and an active 
tubulin alpha-1 (Tα1) promoter (Gal et al., 2006; Stancik et al., 2010).  
 
Transit-amplifying progenitors (TAPs; fig. 0) have been described as IP-
like, nonpolar cells dividing in the SVZ, that have the ability to self-renew (Lui 
et al., 2011). The proof of their existence so far is limited to the observation, 
by live cell imaging, of IP-like cells undergoing more than one round of 
division in organotypic slice culture (Noctor et al., 2004; Hansen et al., 2010; 
LaMonica et al., 2013). No further details about their cell biology or 
abundance have yet been reported, although they have been suggested to 
play an important role in neocortical expansion (Lui et al., 2011). 
 
Bipolar radial glia (bpRG; fig. 0) have been described very recently in the 
developing telencephalon of several species (Pilz et al., 2013). They are 
progenitors that divide in subapical locations while maintaining an apical 
process and no contact with the pial surface, (Pilz et al., 2013). Even though 
most of the research on them was performed on the ventral telencephalon of 
mouse, they have been proposed to be important for the expansion of the 
SVZ in the developing neocortex of gyrencephalic species (Pilz et al., 2013). 
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1.3 Cell division of neural progenitors 
 
All cell types described above are actively cycling cells that divide at least 
once, with different potential outcomes. Neural progenitor divisions are tightly 
controlled, especially in terms of mitotic spindle positioning and orientation. 
The fate of the daughter cells is often determined by the differential 
inheritance of cell processes and/or fate determinants from the mother cell 
Neuroepithelium
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Figure 0: Proliferative areas and neurogenesis. The cartoon depicts the development of the different 
proliferative areas along neurogenesis in a putative gyrencephalic model. Ventricular surface is down 
and pial surface is up. The bottom of the cartoon serves as the x axis, representing time of 
development; the y axis represents the approximate proportion of the cortical wall occupied by each 
labeled area. The silhouettes represent the different progenitor types (the abbreviations for their names 
are outlined in dashed boxes next to each progenitor: NE cell, neuroepithelial cell; AP: apical progenitor; 
SNP: short neural precursor; IP: intermediate progenitor; TAP: transit-amplifying progenitor; bpRG: 
bipolar radial glia; bRG: basal radial glia). Note that the location of SVZ progenitors is not 
representative, since they can be situated either in the ISVZ or the OSVZ. The white, yellow, and 
orange triangles represent neurons born at early, mid- and late neurogenesis, respectively. The 
respective dashed lines symbolize their basal migration and final location within the mature neocortex, 
following the "inside-out" scheme. Each neuron has been represented as originated in the main 
proliferative region at each corresponding neurogenic stage.	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(Shitamukai and Matsuzaki, 2012). Many cell division control mechanisms 
have been described in apical progenitors, but they have not been extensively 
studied in other neural progenitor types (Wang et al., 2011b; Lancaster and 
Knoblich, 2012; Shitamukai and Matsuzaki, 2012). 
 
1.3.1 Symmetric versus asymmetric cell division 
 
In terms of daughter cell fate, a division can be either symmetric (when both 
daughters are the same type of cell) or asymmetric (when they are different). 
A neural progenitor division can also be classified as neurogenic, when at 
least one of the daughter cells is a neuron, which will stop actively cycling; as 
self-renewing when at least one of the daughter cells has the same identity as 
the progenitor; and as transit-amplifying when at least one of the daughter 
cells is a progenitor with self-renewing capacity. These categories allow us to 
better analyze the neurogenic potential of each type of progenitor (Götz and 
Huttner, 2005). 
 
1.3.2 Division modes of neural progenitors 
 
Early in development, APs undergo symmetric, self-renewing divisions, 
generating two new APs and thus expanding their population. After the onset 
of neurogenesis, they start undergoing asymmetric divisions, that can be 
either neurogenic self-renewing, directly generating a neuron, or transit-
amplifying, either self-renewing or not, generating other kinds of progenitors 
(most commonly IPs, but also bRG and possibly TAPs, SNPs and/or bpRG as 
well) (Götz and Huttner, 2005; Lui et al., 2011; Franco and Müller, 2013).  
 
IPs undergo a single symmetric neurogenic division, giving rise to two 
neurons (Noctor et al., 2004; Haubensak et al., 2004). bRG have been 
reported to perform both self-renewing neurogenic and self-renewing transit-
amplifying divisions, generating IP-like cells in the latter case (Hansen et al., 
2010; Wang et al., 2011a; Shitamukai et al., 2011; LaMonica et al., 2013).  
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Little is known about the division modes of other progenitor types. SNPs have 
been proposed to be directly neurogenic, undergoing IP-like symmetric self-
consuming divisions (Stancik et al., 2010). TAPs would by definition generate 
more progenitors (Lui et al., 2011), but there are no data available to ascertain 
whether this would be done in a self-renewing or self-consuming manner. 
bpRG are transit-amplifying in the ventral telencephalon, and they have been 
proposed to serve a similar role in the neocortex of gyrencephalic animals 
(Pilz et al., 2013). 
 
 
1.4 Animal models of cortical development 
 
Traditional experimental animals, such as the lissencephalic rat (Rattus 
norvegicus) and mouse (Mus musculus), have a limited applicability as 
models for studying cortical development. Their developing neocortex is 
markedly different from the human, lacking the greatly expanded OSVZ 
present in gyrencephalic species. In order to understand the mechanisms 
underlying the great expansion of the cerebral cortex that leads to gyrification, 
new animal models are necessary. Other primate species have been used, 
such as the gyrencephalic rhesus macaque (Macaca mulatta) (Kornack and 
Rakic, 1998) or cynomolgus monkey (Macaca fascicularis) (Lukaszewicz et 
al., 2005), or the lissencephalic common marmoset (Callithrix jacchus) 
(García-Moreno et al., 2012; Kelava et al., 2012); however, these species are 
not readily available, and their small litter size and long gestational periods 
make them rather complicated models to work with.  
 
The ferret (Mustela putorius furo), a small gyrencephalic carnivore, has been 
extensively used in neuroscience, including pioneer studies aiming to describe 
its gyrencephaly (McSherry and Smart, 1986; Smart and McSherry, 1986a, b) 
and notable advances in neural progenitor cell biology (McConnell and 
Kaznowski, 1991; Chenn and McConnell, 1995). It has also proven a very 
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useful model in recent times (Fietz et al., 2010; Reillo et al., 2011; Kelava et 
al., 2012; Reillo and Borrell, 2012; Poluch and Juliano, 2013). Its availability, 
litter size (normally 6-12 kits), relatively short gestational period (41 days) and 
prolonged neurogenic period (starting approximately around embryonic day 
24 and lasting until after birth) make it a good fit for experimental needs. The 
recent development of genetic manipulation methods for this species (Borrell, 
2010; Kawasaki et al., 2012, 2013), as well as the ongoing sequencing project  
(Broad Institute), will significantly improve the potential uses of this species. 
Additional approaches like the use of gyrencephalic rodents (García-Moreno 
et al., 2012), or the recent attempts to induce gyrification in the mouse cortex 
(Nonaka-Kinoshita et al., 2013; Rash et al., 2013; Stahl et al., 2013), or, 
conversely, use models of reduced gyrencephaly in the ferret (Poluch and 
Juliano, 2013), should also contribute to the understanding of the 
developmental mechanisms underlying cortical folding. 
 
 
1.5 Cell cycle and neurogenesis 
 
The cell cycle length of neural progenitors is related to their proliferative and 
neurogenic potential (Dehay and Kennedy, 2007; Salomoni and Calegari, 
2010). The length of each cell cycle phase can be calculated by cumulative S-
phase labeling (Nowakowski et al., 1989), an extensively used method that 
has allowed the study of the cell cycle dynamics of neural progenitors in great 
detail (Nowakowski et al., 1989; Takahashi et al., 1993, 1995; Kornack and 
Rakic, 1998; Calegari and Huttner, 2003; Calegari et al., 2005; Lukaszewicz 
et al., 2005; Lange et al., 2009; Pilaz et al., 2009; Arai et al., 2011; Reillo and 
Borrell, 2012). Initial studies, focused in the ventricular zone, discovered that 
the overall cell cycle length of neural progenitors increases as neurogenesis 
proceeds, mainly due to an increase in the length of G1 phase (Takahashi et 
al., 1993, 1995).  
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Further studies described that G1 lengthening was a hallmark of neurogenic 
progenitors, as identified by the expression of the neurogenic marker Tis21 in 
Tis21:GFP transgenic mice (Haubensak et al., 2004; Calegari et al., 2005). 
Accordingly, experimental lengthening of G1 resulted in premature 
neurogenesis and a reduction of IP numbers (Calegari and Huttner, 2003), 
while its shortening caused an increase in the self-renewing capacity of neural 
progenitors and in the IP pool size (Lange et al., 2009; Pilaz et al., 2009). A 
detailed study of different progenitor types described that IPs had a longer 
cycle than APs, due to a longer G1 (Arai et al., 2011); interestingly, it also 
found that S phase was shorter in neurogenic APs and BPs (Arai et al., 2011).  
 
In one of the few studies that do not use mouse as a model, neural 
progenitors of the neuron-rich area 17 of the visual cortex of cynomolgus 
monkey were found to have an overall shorter cell cycle than those of the 
neighboring, less cell-populated, area 18 (Lukaszewicz et al., 2005). Another 
study in rhesus monkey described a shortening of the cell cycle in the VZ in 
late neurogenic stages with respect to mid-neurogenesis (Kornack and Rakic, 
1998); a similar conclusion was reached in the visual cortex of ferret, in which 
the duration of the cell cycle in the different proliferative areas decreased from 
P0 to P6, two late developmental stages (Reillo and Borrell, 2012). 
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1.6 Aims of this study 
 
1.6.1 Choice of experimental model 
 
The field of neurogenesis has made great advances using mainly rodents as 
experimental animals (Breunig et al., 2011). Rats and mice provide invaluable 
model systems given their availability, ease of use, and possibility of genetic 
manipulation, and much of the knowledge obtained from them can be applied 
to all mammals. However, the fact that they are lissencephalic limits their 
applicability as a model for the development of the highly gyrencephalic 
human cortex. The gyrencephalic ferret was chosen as the model system for 
this study, as it is more likely to resemble the human in terms of progenitor 
cell populations, and is more readily available than non-human primates. 
 
Neurogenesis in the ferret lasts approximately three weeks, from E20-E24 
until P5-P10, depending on the brain region (Noctor et al., 1997). The peak of 
upper layer neurogenesis is perinatal, with P1 in the ferret corresponding to 
approximately E16 in the mouse. This work primarily used postnatal ferrets, 
starting most experiments at P1, with the day of birth defined as P0. This 
model was chosen with the goal of establishing comparisons between 
lissencephalic and gyrencephalic species, in order to understand the 
mechanisms underlying cortical expansion. 
 
1.6.2 Diversity of progenitor types in the ferret 
 
Despite recent advances in the field (Fietz et al., 2010; Reillo et al., 2011; 
Kelava et al., 2012; Poluch and Juliano, 2013), the presence or absence of 
certain types of progenitors in the developing ferret neocortex is still not clear. 
Some progenitors, more specifically bRG and TAPs, have been proposed to 
be fundamental for the production of the great numbers of neurons of 
gyrencephalic cortices (Lui et al., 2011; Lewitus et al., 2013). However, bRG 
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have been proven to exist in varying proportions in lissencephalic models, and 
their presence or relative abundance are not sufficient factors to induce 
gyrencephaly (Shitamukai et al., 2011; Wang et al., 2011; García-Moreno et 
al., 2012; Kelava et al., 2012). Very little is known about TAPs (Noctor et al., 
2004; Hansen et al., 2010; LaMonica et al., 2013), although they have been 
proposed to play a major role in cortical expansion (Lui et al., 2011). One of 
the aims of this work is to define this progenitor type, as well as its relative 
abundance in a gyrencephalic species. 
 
1.6.3 Cell cycle features of ferret neural progenitors 
 
The length of the cell cycle of neural progenitors is related to their self-
renewing and neurogenic potentials (Dehay and Kennedy, 2007; Salomoni 
and Calegari, 2010). Neural progenitors display a short cell cycle in areas of 
great cortical expansion (Lukaszewicz et al., 2005). Additionally, a long cell 
cycle in the neural progenitors of a lissencephalic primate has been proposed 
to lead to its reduced cortical surface (Kelava et al., 2012). This work aims to 
analyze the cell cycle of different progenitor types in a gyrencephalic species, 
in order to compare them with those of lissencephalic models and evaluate 
the potential contribution of each one to the total neuronal output.  
 
1.6.4 Cell lineages 
 
An additional goal of this study is to analyze the progeny of each neural 
progenitor type, thereby establishing its lineage. This is of crucial importance 
for understanding neocortical expansion, since the self-renewing capacity and 
neuronal output of different progenitors have been hypothesized to be one of 
the main differences between gyrencephalic and lissencephalic brains (Lui et 
al., 2011; Lewitus et al., 2013). 
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2. RESULTS 
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2.0 Cytoarchitecture of the developing ferret neocortex 
 
The different proliferative areas of the developing ferret neocortex are readily 
distinguishable with a simple DNA staining like DAPI (4ʼ,6-diamidino-2-
phenylindole), given their cytoarchitectonic features (fig. 1). This was the 
basis for all our subsequent analyses. At P1, both the ISVZ and the OSVZ are 
very prominent, harboring the majority of the cell divisions in the cortical wall, 
and thus constituting the main source of cortical neurons born at this stage. 
 
 
a b
c
d
CP
IZ
OSVZ
ISVZ
VZ
b
c
d
Figure 1: Overview of the proliferative areas in the developing ferret neocortex.  
a: DAPI staining of a coronal section of P1 ferret dorsolateral telencephalon. The dashed 
lines indicate the approximate limits between the different areas within the tissue, as 
labeled on the right. CP: cortical plate; IZ: intermediate zone; OSVZ: outer subventricular 
zone; ISVZ: inner subventricular zone; VZ: ventricular zone. Scale bar, 100 µm. b, c, d: 
higher magnification of the 200 µm-wide areas outlined in yellow in a. b: OSVZ; note the 
sparse nuclear distribution and the loosely radial alignment. c: ISVZ; note the lack of an 
obvious alignment of the nuclei, and their dense packing. d: VZ; note the radial alignment 
of the nuclei, perpendicular to the ventricular surface.	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2.1 Identification of progenitor types 
 
Here, we describe several types of progenitors, analyzing their abundance in 
each proliferative area. We highlight the abundance of Pax6+, Tbr2+ cells in 
all areas and the scarcity of IPCs in the SVZ. 
 
We set out to characterize the different progenitor cell populations present in 
the developing ferret neocortex. We used the transcription factors Pax6 and 
Tbr2 as progenitor markers, since they are expressed in a well-defined 
sequence by neural progenitors (Englund et al., 2005), and have been shown 
to successfully identify ferret APs (Pax6+, Tbr2+/-), IPs (Pax6-, Tbr2+), and 
bRG (Pax6+, Tbr2-) (Fietz et al., 2010; Reillo et al., 2011; Reillo and Borrell, 
2012; Poluch and Juliano, 2013). 
 
2.1.1 Marker overlap: most Tbr2+ cells are Pax6+ 
 
Double immunofluorescence for Pax6 and Tbr2 confirmed that they are 
expressed in all proliferative areas, revealing a great overlap of both 
populations (fig. 2, a-d). A notable proportion of the Pax6 positive cells were 
also positive for Tbr2 (VZ: 25.6 ± 4.2 %; ISVZ: 63.0 ± 5.6 %; OSVZ: 39.0 ± 4.6 
% [mean ± S.D., n = 8 untreated P1 kits]), and nearly all Tbr2+ cells in all 
areas were also Pax6+ (VZ: 98.9 ± 1.6 %; ISVZ: 96.4 ± 1.7 %; OSVZ: 92.6 ± 
2.9 % [mean ± S.D., n = 8]) (fig. 2e). Consequently, Pax6-, Tbr2+ cells were 
very scarce throughout all proliferative areas. 
 
The abundance of a Pax6+, Tbr2+ population in all areas (fig. 2e) suggests 
that these cells could be a distinct type of progenitor. The proportion of Pax6+, 
Tbr2+ cells in the VZ of the mouse is similar to the one we found in the ferret 
(Arai et al., 2011). This population has been defined as nascent IPs bound to 
lose Pax6 expression, which is consistent with their neurogenic potential and 
the abundance of Pax6-, Tbr2+ IPs in the SVZ (Arai et al., 2011). However, 
both subareas within the ferret SVZ displayed a very low proportion of IPs 
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(fig. 2e); this implies that most double-positive cells do not lose Pax6 
expression in the ferret. It is thus possible that the sequence of progenitor 
production in the ferret differs from that in the mouse, where IPs are born from 
APs and become the main neurogenic progenitors at mid- and late 
neurogenesis.  
 
Pax6+, Tbr2+ progenitors were more abundant than the Pax6+, Tbr2- bRG in 
the ISVZ, and slightly less in the OSVZ (fig. 2e). Pax6+, Tbr2- and Pax6+, 
Tbr2+ cells had a similar overall proportion when the cells in all proliferative 
areas where considered together. The Pax6+, Tbr2+ population could be a 
distinct progenitor type rather than newborn IPs, serving a different purpose 
than the direct production of neurons through terminal divisions. However, it is 
necessary to gain more insight into the cell biology of this population before 
drawing any conclusions. 
 
2.1.2 Most Pax6-, Tbr2- cells are migrating neurons 
 
The distribution of Pax6-, Tbr2- cells was consistent with what would be 
expected for neurons. Their proportion was low in the VZ, higher in the ISVZ 
and highest in the OSVZ (VZ: 9.6 ± 1.0 %; ISVZ: 23.7 ± 4.0 %; OSVZ: 68.7 ± 
4.1 % [mean ± S.D., n = 8]) (fig. 2e). Neurons are generated from progenitors 
in the different proliferative areas and then migrate basally. Both ISVZ and 
OSVZ contain neurons born in situ as well as those generated in the other 
areas that are in the process of migrating through the SVZ towards the 
cortical plate. The Pax6-, Tbr2- population would hence comprise mostly 
newborn and migrating neurons, along with any other possible, yet undefined, 
kinds of progenitors, as well as endothelial cells. 
 
	   21	  
 
 
 
 
2.2 Cumulative EdU labeling for cell cycle analysis 
 
Our main aim was to investigate the cell cycle features of each type of 
progenitor, in order to understand their proliferative and/or neurogenic 
potential, thereby elucidating the potential contribution of each progenitor type 
to the increase in neuron numbers seen in gyrencephalic species. For this 
purpose, we used cumulative S-phase labeling, a well-established method for 
calculating the total duration of the cell cycle, and of each phase therein, in 
any population of actively cycling cells.  
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Figure 2: Pax6 and Tbr2 define progenitor populations in the developing ferret neocortex.  
a-d: Sample immunofluorescence images from a coronal section of P1 ferret, stained for DAPI (a), 
Tbr2 (b) and Pax6 (c). The different proliferative areas are indicated in the merged imaged (d). Scale 
bar, 50 µm. e: Population proportions. Each graph shows the average proportion of each population 
over the total number of cells within a proliferative area. Proportions are shown, as percentages, over 
the corresponding sector of each graph. See legend at right. n = 8 ferret kits from 8 different litters.	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This technique is based on the administration of a thymidine analogue (in this 
study we used EdU [5-ethynyl-2ʼ-deoxyuridine] (Chehrehasa et al., 2009)) to 
cycling cells, which incorporate it into their DNA during the S-phase of the cell 
cycle. By analyzing the rate of incorporation of the compound into the cells 
that make up the population, it is possible to calculate the total duration of the 
cell cycle, as well as to extrapolate the duration of S-phase (fig. 3a). It is also 
possible to calculate the duration of G2 by analyzing the rate of incorporation 
of the analog into mitotic figures (fig. 3b). The duration of M-phase can be 
deduced from the proportion of dividing cells within the population at any 
given moment, extrapolating this to the total duration of the cell cycle. The 
duration of G1 can be deduced from these calculations, and hence the length 
of each cell cycle phase can be determined. 
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Figure 3: Overview of the cumulative S-phase labeling method. In a, the proportion of EdU-
positive cells within a given population is plotted versus the time of cumulative labeling; EdU is 
administered at short intervals (represented by the syringes below the x axis), and samples are 
collected and analyzed at different time points. The EdU-labeled proportion increases linearly until 
it reaches a plateau at the growth fraction (GF), which corresponds to the proportion of cycling 
cells within the population. The length of the cell cycle minus S-phase (TC-TS) is the time it takes to 
reach this plateau; the duration of S phase (TS) can be calculated by extrapolating the regression 
curve to its interception with the x axis. In b, the mitotic labeling index (MLI) is the proportion of 
mitotic figures that incorporate EdU; the time necessary to reach an MLI of 0.5 (which represents 
the moment when half of the cells have gone through S and G2 phases) is the average of the 
duration of G2 for the population under study (TG2).	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We administered EdU to P1 ferret kits by intraperitoneal injections, performed 
every 3 h to ensure its availability to cycling cells at all times. The animals 
were sacrificed at different time intervals, and their brains were analyzed. We 
performed double immunofluorescence for Pax6 and Tbr2, combined with 
chemical detection of EdU (fig. 4a) and DAPI staining. We counted the cells 
within each population (fig. 4b, c) that had incorporated EdU, obtaining the 
labeling index (fig. 4c) for each time point. 
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Figure 4: Example of cumulative EdU labeling analysis. a and b: sample image of the 
developing neocortex of a P1 ferret sacrificed after 27 h of cumulative EdU labeling. a, overview of 
the cortical wall, stained for Pax6 (blue), Tbr2 (red), EdU (yellow), and DAPI (gray); the histological 
regions are indicated on the right. b, higher magnification of the ISVZ area outlined in a; the color 
for each channel in the merged image is the same as in a, as highlighted in their captions. Scale 
bars, 50 µm (a), and 20 µm (b). c, Proportion of each progenitor population within the ISVZ over 
DAPI (left), and proportion of EdU-labeled cells within each population (yellow sector of each graph) 
(right). The average percentages are displayed over the corresponding sectors of each graph. n = 3 
kits from 3 litters.	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2.3 Part of the progenitors do not incorporate EdU 
 
When we analyzed the first results, we observed that part of the total cell 
population did not incorporate EdU, despite the long cumulative labeling time 
(fig. 5a). When considering the only a defined progenitor population (in the 
case of fig. 5b, APs, which are positive for Pax6), in order to remove potential 
non-cycling cells from our analysis, the labeling index still reached a plateau 
below full labeling (fig. 5b). This could mean that not all cells positive for the 
progenitor markers analyzed were actively cycling. We tested this possibility 
by combining EdU detection with immunofluorescence for either Pax6 or Tbr2 
and Ki67, a proliferation marker. We could thus obtain the growth fraction, or 
proportion of cells within a population that are actively cycling. Indeed, when 
we analyzed our data considering exclusively the cycling cells (Ki67+) using a 
defined population (fig. 5c), we found that the labeling index did reach a 
plateau at a value of 1, as expected. 
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Figure 5: Example of cumulative labeling analysis in the ventricular zone of P1 ferret. The 
graphs illustrate the cumulative labeling index, as proportion of EdU-labeled cells within a certain 
population. In this example, only the ventricular zone was analyzed. The proportion of EdU 
positive cells (EdU+) over different cell markers was plotted as a function of the time of 
cumulative labeling. a, EdU+ cells over the total cell population, as identified by DAPI; b, EdU+ 
cells over the Pax6+ subset of cells within the ventricular zone (APs); c, EdU+ cells over the 
proliferating fraction of the Pax6+ subpopulation, as identified by Ki67 positivity. Data are 
displayed as mean ± SD. n = 3 animals (from at least two different litters) per time point, except 
for t = 2 h and t = 18 h (n = 2 animals, from two different litters). Data from different 
immunofluorescence experiments were pooled for a and b. 	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2.4 Growth fraction of different progenitor populations 
 
Here, we describe the proportion of cycling cells within each progenitor 
population. The Tbr2+ populations have higher growth fraction values than 
Pax6+, Tbr2- progenitors. 
 
Since it was not possible to perform an immunofluorescence for three nuclear 
markers (Pax6, Tbr2 and Ki67) while also detecting DAPI and EdU, we 
decided to analyze the growth fraction (GF; proportion of actively cycling cells, 
as defined by the expression of Ki67) for each progenitor population 
separately. We then used the values we obtained for the analysis of the 
cumulative labeling experiments. When analyzing the different proliferative 
areas within the developing neocortex of untreated animals (fig. 6a), it 
became clear that not all cells positive for the progenitor markers we analyzed 
were Ki67+, and hence a fraction of them were not actively cycling. A detailed 
study of each proliferative area (fig. 6b) allowed us to obtain the values for the 
growth fraction of each progenitor population (fig. 6c).  
 
The Pax6+, Tbr2- population had the lowest growth fraction values in all areas 
(VZ: 67.5 ± 5.8 %; ISVZ: 61.0 ± 5.2 %; OSVZ: 61.6 ± 3.6 % [mean ± S.D., n = 
8]). The Tbr2+ populations had notably higher growth fractions, with similar 
values for Pax6-, Tbr2+ (VZ: 1; ISVZ: 76.3 ± 18 %; OSVZ: 87.4 ± 13 % [mean 
± S.D., n=8]; note that this population represents a small percentage of the 
total cell number, hence its variability) and Pax6+, Tbr2+ progenitors (VZ: 
77.9 ± 11 %; ISVZ: 87.5 ± 3.3 %; OSVZ: 90.1 ± 3.7 % [mean ± S.D., n = 8]).  
 
Intriguingly, there was a proportion of the double-negative population that was 
positive for Ki67 (VZ: 30.7 ± 9.0 %; ISVZ: 16.9 ± 5.3 %; OSVZ: 5.4 ± 2 %). 
The fact that they are actively cycling discards them as neurons, and thus we 
can conclude that they would be progenitors of unidentified types, 
representing a low proportion of the cycling cell population (7.4 ± 1.4 % of the 
overall Ki67+ population in all areas [mean ± S.D., n = 8]). 
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2.4.1 Growth fraction does not change with time or EdU labeling 
 
We calculated the growth fractions using untreated animals at P1. Since our 
experiments extended for a maximum of 48 h, we investigated whether the 
GF would be similar at P3. For this, we plotted the growth fractions at all 
points during the cumulative labeling experiment, comparing them with those 
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Figure 6: Growth fraction of different progenitor types in the developing ferret neocortex.  
a, sample image of the dorsolateral telencephalon of a P1 ferret, stained for Pax6 (blue), Tbr2 
(red), Ki67 (yellow), and DAPI (gray); the histological areas are indicated on the right. b, 
magnification of the areas outlined in a; the colors for each channel in the merged images are the 
same as in a, as highlighted in their captions. Scale bars, 50 µm (a), and 20 µm (b). c, summary 
of the growth fractions (proportion of Ki67+ cells) of each population in each proliferative area: 
Pax6+,Tbr2- (blue), Pax6+,Tbr2+ (green), Pax6-,Tbr2+ (red), Pax6-,Tbr2- (gray), and overall 
growth fraction of the total cell population (“All DAPI”, black). Data are presented as mean ± SD;  
n = 8 kits from 8 different litters.	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we obtained from P1 animals (fig. 7). We did not observe any significant 
changes in the overall GF throughout the experiment, nor any major 
differences with the values obtained from untreated animals. The lack of 
change was examined by linear regression of the data, whereby none of the 
data series we analyzed had a significant deviation from zero when examined 
by F test. This also allowed us to discard any effects of the EdU labeling on 
the proportion of cycling cells.  
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Figure 7: No change in growth fraction from P1 to P3. The graphs show the proportion of 
Ki67+ cells over the total population of each proliferative area (growth fraction) throughout the 
cumulative labeling experiments. The data are plotted as mean ± SD of each time point (n = 3 kits 
per time point, from at least two different litters, except for t = 18 h [n = 2, from two different litters]; 
two different sections were analyzed per animal) is plotted against the time of cumulative labeling. 
The growth fraction of untreated P1 ferrets (n = 8 kits from 8 different litters) is also displayed for 
comparison, as mean (solid line), ± SD (dashed lines).	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2.5 Changes in progenitor type proportions with time  
 
Here, we describe how the proportion of Tbr2+ progenitors decreases with 
time in all areas, while that of the Pax6+, Tbr2- populations increases. 
 
The proportion of different progenitor populations changed along our two-day 
labeling experiment (fig. 8). We initially observed an upward trend in Pax6+ 
progenitors in the SVZ, accompanied by a decrease in the Tbr2+ ones in the 
same area (fig. 8a). This tendency became clearer when analyzing the 
different populations by double immunofluorescence for both markers. The 
proportion of the Pax6+, Tbr2- population over the total cell number increased 
with time in all areas, whereas both the Pax6+, Tbr2+ and the Pax6-, Tbr2+ 
populations decreased (fig. 8b).  
 
The observed trends were confirmed by the linear regression of the data: the 
slope of all the populations in all areas had a statistically significant deviation 
from zero, as revealed by F test. The only exception to this was the Pax6- 
Tbr2+ population in the VZ (note that the average proportion of this population 
is below 0.5 %). This observation could reflect the depletion of neurogenic 
Tbr2+ progenitors that can be expected by the end of neurogenesis. Glial 
progenitors are known to maintain properties of radial glia, while repressing 
proneural genes (Rowitch and Kriegstein, 2010), and gliogenesis is known to 
start early in the postnatal ferret brain (Voigt, 1989). The trends we observe 
could therefore reflect the production of the last neocortical pyramidal neurons 
by Tbr2+ progenitors and the gradual shift to gliogenesis. 
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2.6 Analysis of TC and TS in different progenitor types 
 
In this section we describe the total cell cycle length (TC) and the length of S-
phase (TS) of the different progenitor types in all proliferative areas. Self-
renewing progenitors have long TC and TS, and neurogenic ones a particularly 
short TS. The populations of Tbr2+ cells are similar throughout the SVZ. 
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Figure 8: Temporal dynamics of P1 ferret neocortical progenitor populations. a, graphs 
displaying the proportion of Pax6+ (left) or Tbr2+ (right) cells over the total number of cells (as 
analyzed by DAPI staining) in each proliferative area along the total duration of the cumulative EdU 
labeling experiment (starting at P1 and lasting up to 48 h). b, Analysis of each progenitor population, 
confirming the trends observed in a. The proportion of Pax6+, Tbr2- progenitors (left) increases in all 
areas, whereas those of both Pax6+, Tbr2+ (center) and Pax6-, Tbr2+ (right; note the different scale in 
the y axis) tend to decrease. Data are represented as mean ± SEM; n = 3 animals, from at least two 
different litters, per time point, except for t = 18 h (2 animals); 2 sections per animal were analyzed for 
a, and 1 section per animal for b.	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The values for the total length of the cell cycle (TC) and the length of the S 
phase (TS) were directly obtained from the cumulative labeling experiments. 
As expected, the increase in the proportion of EdU labeled cells, or labeling 
index, followed a linear pattern until reaching a plateau (figs. 9-11). The value 
for the labeling index at the plateau coincided with the growth fraction 
calculated for each population (figs. 9-11).  
 
We performed two kinds of analysis: a simple linear regression, using the GF 
calculated separately as our reference value for the plateau, and a more 
complex regression, which takes into account more variables and defines the 
GF based solely on the experimental cumulative labeling values, as 
developed by Nowakowski (Nowakowski et al., 1989). The data presented in 
this section follow the simple regression method. The differences between 
both methods and the reasons for our choice will be discussed below.  
 
2.6.1 Cumulative labeling in the VZ  
All Pax6+ progenitors have similar TC and TS 
 
In the ventricular zone (fig. 9), the Pax6+, Tbr2- and the Pax6+, Tbr2+ 
populations displayed a similar labeling profile (fig. 9a, b), although the total 
cell cycle length calculated for the former is slightly shorter (TC Pax6+, Tbr2-: 
49.8 h; TC Pax6+, Tbr2+: 56.1 h). Their S phase lengths were also different 
(TS Pax6+, Tbr2-: 16.1 h; TS Pax6+, Tbr2+: 19.7 h). We did not take into 
account the Pax6-, Tbr2+ population in the analysis of this area, since the 
scarcity of these cells (0.29 ± 0.26 % of the total population; n = 8) did not 
allow us to obtain reproducible data. The GF value of the Pax6-, Tbr2- was 
comparatively low (see above), but nonetheless it was possible to obtain an 
estimate of the cell cycle values for the cycling fraction of this population (TC: 
40.1 h; TS: 8.8 h; fig. 9c). 
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2.6.2 Cumulative labeling in the ISVZ 
IPCs have shorter TC and TS than Pax6+ progenitors 
 
In the inner subventricular zone (fig. 10), the cell cycle values obtained for the 
Pax6+, Tbr2- and Pax6+, Tbr2+ populations were similar (Pax6+, Tbr2-: TC: 
44.1 h TS: 8.6 h; Pax6+, Tbr2+: TC: 43.7 h; TS: 9.4 h; fig. 10a,b). The Pax6-, 
Tbr2+ population displayed a shorter cell cycle, with a much shorter S phase 
Figure 9: Cumulative EdU labeling in the VZ. The graphs show the proportion of cells that 
incorporate EdU along the cumulative labeling experiment within each progenitor population 
identified by Pax6 and Tbr2 immunofluorescence: a, Pax6+, Tbr2-; b, Pax6+, Tbr2+;  
c, Pax6-, Tbr2-. Each graph displays the growth fraction calculated for each population in 
untreated ferret kits (straight black line; n = 8), ± SD (dashed lines), and the minimum 
squares regression line of the linear segment of the graph (purple line), as well as its 
equation and its coefficient of determination (r2). The arrowheads on the y axis mark the 
initial labeling index (LI0), and those on the x axis mark the point were the regression line 
reaches the growth fraction (TC-TS). The values for TC-TS, TS and GF are displayed above 
each graph. Data are represented as mean ± SEM; n = 3 animals from at least 2 different 
litters for each time point, except for 2, 6, 9 and 18 h (n= 2 animals from 2 different litters).	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(TC: 37.9 h; TS: 1.9 h; fig. 10c). The Pax6-, Tbr2- population (fig. 10d) is more 
abundant in this area, although its GF value is lower (see above); these cells 
displayed a shorter total cycle length than in the VZ (TC: 20.0 h; TS: 2.8 h). 
 
 
 
 
2.6.3 Cumulative labeling in the OSVZ: 
Pax6+, Tbr2- progenitors have long TC and TS; Tbr2+ ones are similar to ISVZ 
Figure 10: Cumulative EdU labeling in the ISVZ. The graphs show the proportion of cells 
that incorporate EdU along the cumulative labeling experiment within each population 
identified by Pax6 and Tbr2 immunofluorescence: a, Pax6+, Tbr2-; b, Pax6+, Tbr2+;  
c, Pax6-, Tbr2+; d, Pax6-, Tbr2-. Each graph displays the growth fraction calculated for each 
population in untreated ferret kits (straight black line; n = 8), ± SD (dashed lines), and the 
minimum squares regression line of the linear segment of the graph (purple line), as well as 
its equation and its coefficient of determination (r2). The arrowheads on the y axis mark the 
initial labeling index (LI0), and those on the x axis mark the point were the regression line 
reaches the growth fraction (TC-TS). The values for TC-TS, TS and GF are displayed above 
each graph. Data are represented as mean ± SEM; n = 3 animals from at least 2 different 
litters for each time point, except for 2, 6, and 18 h (n = 2 animals from 2 different litters).	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In the outer subventricular zone (fig. 11), the total cell cycle length calculated 
for the Pax6+, Tbr2- population (fig. 11a) was the longest among all 
populations (TC: 68.7 h); the same was true for its S phase length (TS: 22.6 h). 
Both the Pax6+, Tbr2+ (fig. 11b) and the Pax6-, Tbr2+ (fig. 11c) populations 
displayed values very similar to those of the equivalent ISVZ populations 
(Pax6+, Tbr2+: TC: 44.1 h; TS: 9.7 h; Pax6-, Tbr2+: TC: 38.7 h; TS: 3.1 h). The 
scarce Pax6-, Tbr2- population (fig. 11d) also yielded similar values as in the 
ISVZ (TC: 18.8 h; TS: 3.0 h). 
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Figure 11: Cumulative EdU labeling in the OSVZ. The graphs show the proportion of cells 
that incorporate EdU along the cumulative labeling experiment within each population 
identified by Pax6 and Tbr2 immunofluorescence: a, Pax6+, Tbr2-; b, Pax6+, Tbr2+;  
c, Pax6-, Tbr2+; d, Pax6-, Tbr2-. Each graph displays the growth fraction calculated for each 
population in untreated ferret kits (straight black line; n = 8), ± SD (dashed lines), and the 
minimum squares regression line of the linear segment of the graph (purple line), as well as 
its equation and its coefficient of determination (r2). The arrowheads on the y axis mark the 
initial labeling index (LI0), and those on the x axis mark the point were the regression line 
reaches the growth fraction (TC-TS). The values for TC-TS, TS and GF are displayed above 
each graph. Data are represented as mean ± SEM; n = 3 animals from at least 2 different 
litters for each time point, except for 2, 6, 9 and 18 h (n = 2 animals from 2 different litters). 
Note the different scale in the y axis of d.	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2.7 Comparison of cell cycle calculation methods 
 
Here, we compare two methods for estimating the cell cycle length, and 
choose the simpler one to avoid miscalculations. 
 
As previously mentioned, the cell cycle values presented so far were obtained 
by a simple linear regression. We also performed cumulative labeling 
analyses following the method developed by Nowakowski (Nowakowski et al., 
1989), which is largely based on linear regression, improved by adding 
additional considerations to the calculation of the final values.  
 
The Nowakowski method calculates the GF value, and consequently the TC 
and TS values, directly from the cumulative labeling experimental data. The 
limited number of animals used for our cumulative labeling experiments (n = 3 
kits, from at least two different litters, per time point) could distort the values 
obtained from this method, simply due to biological variability. Since we had 
calculated the GF values discussed above from more biological replicates  
(n = 8 untreated kits from 8 different litters), we assumed that they would offer 
us a better estimation for the plateau values of each population.  
 
When we compared both analysis methods, we obtained slightly different 
values for TC and TS (table 1). As expected, the estimations from both 
methods were similar in those cases in which the Nowakowski estimation of 
the GF was close to the one we used for the simple regression (e.g., Pax6+, 
Tbr2+ populations). However, an example of data distortion can be seen in 
the Pax6-, Tbr2- populations: since there is a continuous increase in EdU 
labeled cells in this population (fig. 9c, 10d, 11d), corresponding to the 
newborn labeled neurons that exit the cell cycle, the Nowakowski method 
interprets the lack of a detectable plateau as a GF higher than its actual value, 
and hence miscalculates the TC and TS values. Despite the discrepancies in 
the values obtained for certain populations with either method, most of the 
general conclusions discussed below are supported by both methods. 
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 Nowakowski Simple regression 
Area Population Tc (h) Ts (h) GF Tc (h) Ts (h) GF 
Pax6+, Tbr2- 74.0 21.5 0.849 49.8 16.1 0.675 
Pax6+, Tbr2+ 58.5 19.8 0.811 56.1 19.7 0.779 V
Z 
Pax6-, Tbr2- 47.6 8.8 0.365 40.1 8.8 0.307 
Pax6+, Tbr2- 49.3 8.6 0.683 44.1 8.6 0.610 
Pax6+, Tbr2+ 46.3 9.5 0.924 43.7 9.4 0.875 
Pax6-, Tbr2+ 42.6 2.5 0.841 37.9 1.9 0.763 IS
V
Z 
Pax6-, Tbr2- 47.5 3.1 0.396 20.0 2.8 0.169 
Pax6+, Tbr2- 69.2 21.6 0.638 68.7 22.6 0.616 
Pax6+, Tbr2+ 44.6 9.6 0.918 44.1 9.7 0.901 
Pax6-, Tbr2+ 41.3 3.1 0.933 38.7 3.1 0.874 O
S
V
Z 
Pax6-, Tbr2- 53.4 -1.7* 0.214 18.8 3.0 0.054 
 
 
2.8 Mitotic labeling index: TG2 values 
 
Here, we analyze the duration of G2, which has a minimal variation.  
 
The duration of G2 phase (TG2) was calculated through the mitotic labeling 
index, or proportion of mitoses that incorporate EdU with time. As cells exit S 
phase, they go through G2 and enter mitosis. The half-time of full mitotic EdU 
labeling (i.e., the time required for half of the mitotic figures to be labeled) is 
considered as an average value for TG2. We performed this analysis (fig. 12), 
Table 1: Comparison of TC and TS values. The table displays the values calculated 
obtained with the Nowakowski method and with simple linear regression. The GFs in the 
Nowakowski method are those estimated from the cumulative labeling experiment data, 
whereas those used for the simple regression were obtained from untreated animals (n = 
8 ferret kits from 8 different litters). *: this negative value is conceptually impossible, and 
due to a miscalculation of GF in this population which is inherent to the Nowakowski 
method (see main text). Colors distinguish different kinds of progenitors based on the 
expression of Pax6 and/or Tbr2, and follow the same code as in previous figures: blue for 
Pax6+, Tbr2-, green for Pax6+, Tbr2+, red for Pax6-, Tbr2+ and gray for Pax6-, Tbr2-	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using phosphorylated histone H3 (pH3) as a marker for late G2/early M phase 
cells (Arai et al., 2011). 
 
In the earliest time points analyzed (1 h; fig. 12a, b), no mitotic cells were 
positive for EdU, but the proportion rapidly increased until all pH3+ cells were 
labeled (fig. 12c, d). We plotted this for both Pax6-positive (fig. 12e, top) and 
Tbr2-positive (fig. 12e, bottom) mitoses; data were fitted to a Boltzmann 
sigmoidal regression curve, and the half-time values were obtained from this 
regression (fig. 12e). The Pax6+ populations displayed a slightly longer TG2 
(VZ: 2.0 h; ISVZ: 2.2 h; OSVZ: 2.1 h; fig. 12e, top) than the Tbr2+ ones 
(ISVZ: 1.7 h; OSVZ: 1.7 h; fig. 12e, bottom).  
 
Because of limitations in immunofluorescence channels, these estimations 
only consider either Pax6 or Tbr2 alongside pH3 and EdU. It is necessary to 
analyze the proportions of Pax6 and Tbr2 positive mitoses (fig. 12f) in order 
to account for this. Almost all of the Tbr2+ mitoses are Pax6+ in all areas (VZ: 
100 %; ISVZ: 92.8 ± 11.0 %; OSVZ: 88.9 ± 21.4 % [mean ± S.D., n = 8]), 
whereas only part of the Pax6+ mitoses were also Tbr2+ (VZ: 14.0 ± 12.1 %; 
ISVZ: 69.0 ± 9.1 %; OSVZ: 46.3 ± 17.4 % [mean ± S.D., n = 8]). It is thus 
possible that the TG2 values for Pax6+, Tbr2- mitoses, if analyzed separately, 
could be different from the average Pax6+ values represented here. 
 
However, considering the similarities between the Pax6+ TG2 values in the VZ 
(in which most of the mitoses [86 ± 12.1 %] are Pax6+, Tbr2-) with those of 
the ISVZ and the OSVZ, which have different proportions of Pax6+, Tbr2+ 
mitoses, it seems safe to assume that there would be no great differences in 
TG2 between Pax6+, Tbr2- and Pax6+, Tbr2+. For our analyses, we used the 
value of TG2 calculated for Tbr2+ cells for the Pax6+, Tbr2+ and Pax6-, Tbr2+ 
populations, and the one calculated for Pax6+ cells for the Pax6+, Tbr2- 
populations. Since the difference between these values is not big, grouping 
the double-positive population in either category has no major effects on the 
overall results and conclusions discussed below. 
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Note: Pax6-, Tbr2- mitoses are rare (VZ: 0.4 ± 1.1 %; ISVZ: 3.0 ± 4.2 %; OSVZ: 7.0 ± 
7.4 % of total mitoses [mean ± S.D., n = 8] (fig. 12f)); indeed, we did not find any 
when analyzing the cumulative labeling data for the other populations, thus the 
analysis of TG2, TM, and consequently TG1 were not performed on this population. 
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Figure 12: Mitotic labeling index in P1 ferret neocortical progenitors. a, d: overview of 
sample images of the proliferative areas of the P1 ferret cortical wall after 1 h (a), and 3h (c) of 
EdU labeling, stained for Pax6 (blue), phosphorylated histone H3 (red), EdU (yellow), and DAPI 
(gray); scale bars, 50 µm. b, d: higher magnification of the areas highlighted by the white 
squares in a and c, respectively; the separate immunofluorescence channels are displayed as 
indicated, and shown in the corresponding colors in the merged images. Scale bars, 20 µm. e: 
mitotic labeling index plots for Pax6+ mitoses (top graph), and Tbr2+ (bottom one). The graphs 
display the increase in the proportion of EdU+ mitotic figures versus the time of EdU labeling, 
and the fitted Boltzmann sigmoidal regression curves for each proliferative area; dashed lines 
demonstrate the calculated half-times of full mitotic labeling. The boxes on the right show the 
coefficient of determination for the fitted regression curves, as well as the half-times calculated 
from said regression. Longer labeling times are not displayed for simplicity: the mitotic labeling 
index from t = 6 h onwards is equal to 1. Data are displayed as mean ± SEM; n = 2 animals from 
2 different litters for each time point. f: proportion of mitoses positive for Pax6 and/or Tbr2 in the 
different proliferative areas of the neocortex of P1 ferrets. The average values are displayed over 
each corresponding sector, as indicated in the legend; n = 8 ferret kits, from 8 different litters.	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2.9 M phase length 
 
TM calculation shows differences in progenitor types and areas 
 
In order to calculate the duration of mitosis (TM), we needed to know the 
proportion of cells within each cycling population that are undergoing mitosis 
at any given moment. TM can be calculated by extrapolating this proportion to 
the total duration of the cell cycle for each population. For this purpose, we 
used data from 19 ferret samples from the first 24 h of the cumulative labeling 
experiment; we counted the number of mitotic cells, based on pH3 and DAPI 
staining (VZ: 5.6 ± 2.2; ISVZ: 9.6 ± 3.8; OSVZ: 5.8 ± 2.8 [mean ± S.D. of 
mitotic cells per 250 µm of ventricular surface, n = 19]), as well as the number 
of cycling cells in each area (VZ: 294.2 ± 56.3; ISVZ: 538.1 ± 116.1; OSVZ: 
287.1 ± 113.6 [mean ± S.D. of number of Ki67+ cells per 250 µm of ventricular 
surface, n = 19]). The proportions of the different populations within the total 
cycling cells in each area, as well as the proportion of mitotic cells belonging 
to each population, were calculated from 8 untreated animals. The resulting 
percentages, reflecting the average of mitotic cells per total cycling cells 
belonging to each population, were used to estimate TM (table 2). 
 
The differences we observed in the TM values could be due to several 
reasons. Some progenitors could move between regions before dividing, 
thereby distorting the proportion of mitotic cells from that population in a given 
area. This could be the case for a fraction of the Pax6+, Tbr2+ population, 
that could be born in the VZ and migrate into the ISVZ (see below). 
Alternatively, different progenitors could use different division mechanisms, 
requiring more or less time to complete mitosis. Further research will be 
necessary to address these points. 
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Area Population A  
(Population/ 
total Ki67+) 
B 
(Population/ 
total 
mitoses) 
C 
(Mitoses/ 
total Ki67+) 
D 
([BxC]/A) 
TM N (h) TM S (h) 
Pax6+, Tbr2- 0.683 0.872 0.019 0.024 1.8 1.2 
V
Z 
Pax6+, Tbr2+ 0.269 0.012 0.019 0.009 0.5 0.5 
Pax6+, Tbr2- 0.266 0.274 0.018 0.018 0.9 0.8 
Pax6+, Tbr2+ 0.649 0.633 0.018 0.017 0.8 0.8 
IS
V
Z 
Pax6-, Tbr2+ 0.021 0.059 0.018 0.052 2.2 2.0 
Pax6+, Tbr2- 0.431 0.461 0.020 0.022 1.5 1.5 
Pax6+, Tbr2+ 0.403 0.424 0.020 0.021 0.9 0.9 
O
S
V
Z 
Pax6-, Tbr2+ 0.031 0.036 0.020 0.023 0.9 0.9 
 
 
2.10 G1 phase length 
 
TG1 changes in Pax6+, Tbr2- populations in different areas, but not in Tbr2+ 
progenitors. 
 
Once the lengths of all other cell cycle phases have been estimated, the 
duration of G1 phase (TG1) can be deduced by subtracting TS, TG2 and TM 
from TC. We obtained estimates of the G1 duration using the cell cycle values 
calculated through both the Nowakowski and the simple regression methods 
(table 3). The Pax6+, Tbr2- populations display the biggest variability in TG1 in 
the different proliferative areas. This variation is greater when analyzed by the 
Nowakowski method, as compared to the values obtained by simple 
regression. The Pax6+, Tbr2+ populations in all areas have very similar TG1 
values, especially in the ISVZ and OSVZ. This is also true for the Pax6-, 
Tbr2+ populations in the SVZ. 
 
Table 2: TM calculation. Column A shows the average proportion of the total Ki67+ cells in each area 
that belong to the specified populations (n = 8); column B is the proportion of each population within 
the total mitoses of each area (n = 8); column C shows the average proportion of mitotic cells within 
the cycling population for each area (n = 19); column D is the result of multiplying columns B and C, 
and dividing the result by A, yielding the proportion of mitoses from each population per cycling cells 
belonging to that population in each area. Columns TM N and TM S show the values for TM calculated 
from the cell cycle lengths estimated by the Nowakowski method and the simple regression method, 
respectively.	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 Nowakowski Simple regression 
Area Population TC TS TG2 TM TG1 TC TS TG2 TM TG1 
Pax6+, Tbr2- 74.0 21.5 2.0 1.8 48.7 49.8 16.1 2.0 1.2 30.5 
V
Z 
Pax6+, Tbr2+ 58.5 19.8 1.7 0.5 36.5 56.1 19.7 1.7 0.5 34.2 
Pax6+, Tbr2- 49.3 8.6 2.2 0.9 37.6 44.1 8.6 2.2 0.8 32.5 
Pax6+, Tbr2+ 46.3 9.5 1.7 0.8 34.3 43.7 9.4 1.7 0.8 31.8 
IS
V
Z 
Pax6-, Tbr2+ 42.6 2.5 1.7 2.2 36.2 37.9 1.9 1.7 2.0 32.3 
Pax6+, Tbr2- 69.2 21.6 2.1 1.5 44.0 68.7 22.6 2.1 1.5 42.5 
Pax6+, Tbr2+ 44.6 9.6 1.7 0.9 32.4 44.1 9.7 1.7 0.9 31.8 
O
S
V
Z 
Pax6-, Tbr2+ 41.3 3.1 1.7 0.9 35.6 38.7 3.1 1.7 0.9 33.0 
 
 
 
 
2.11 Cell cycle features of each progenitor population 
 
Here, we compare the different progenitor populations based on their cell 
cycle. The cell cycle features of the Pax6+, Tbr2- progenitors differ on 
different areas. Tbr2+ progenitors have identical features in ISVZ and OSVZ. 
 
After obtaining estimates for the duration of all phases of the cell cycle 
through both of the methods mentioned above (table 3), we could study and 
compare all the progenitor populations in each area, based on their cell cycle 
features (fig. 13). For the following analysis, we focus mostly on the durations 
of TC, TS and TG1, since they display the highest variability among the different 
progenitor populations, and have all been related to the neurogenic and/or 
self-renewing potential of neural progenitors in other animal models. 
 
Table 3: TG1 calculation. The table shows the estimated values for each phase of the cell cycle of 
each population, including TG1, which was calculated by subtracting the duration of all other 
phases from the total cell cycle length. The values were calculated with both the Nowakowski and 
the simple regression methods, as indicated.	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2.11.1 APs and bRG have long TC and TS in VZ and OSVZ 
 
Pax6+, Tbr2- progenitors represent the AP population in the VZ, and the bRG 
in ISVZ and OSVZ. When our cell cycle data were analyzed by the 
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Figure 13: Graphic summary of cell cycle duration. The graph displays the duration of 
each cell cycle phase, as indicated in the legend, for each progenitor population in the 
areas indicated on the left. Data were calculated either by the Nowakowski method (a) or 
by simple regression (b). 	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Nowakowski method, both APs and OSVZ bRG displayed a very long TC 
(74.0 h and 69.2 h, respectively), with similar durations for each phase (fig. 
13a, table 3). The bRG in the ISVZ, however, had a shorter cell cycle (49.3 
h), due to their shorter G1 and S phases.  
 
When the simple linear regression method was used (fig. 13b, table 3), the 
TC value obtained for APs was remarkably shorter (49.8 h), while those of the 
SVZ progenitors remained in a similar range (44.1 h in the ISVZ, 69.7 h in the 
OSVZ). A shorter TS in ISVZ bRG was still observed, although the remaining 
cell cycle phases had a length similar to that of APs. OSVZ bRG displayed 
longer TG1 and TS than both APs and ISVZ bRG. 
 
2.11.2 Pax6+, Tbr2+ progenitors are similar in ISVZ and OSVZ 
 
These progenitors, the identity of which will be discussed below, displayed 
very similar cell cycle features when analyzed with either the Nowakowski or 
the simple regression method (fig. 13a, b, table 3). In the VZ, their overall cell 
cycle was long, with a TS similar to that of APs, and a TG1 either shorter (fig. 
13a), or similar (fig. 13b), depending on how the cell cycle of APs was 
analyzed. Pax6+, Tbr2+ progenitors displayed a shorter TS in both areas of 
the SVZ when compared to the VZ, while the rest of their cell cycle phases 
have similar durations. The ISVZ and OSVZ populations are seemingly 
indistinguishable in terms of their cell cycle features. 
 
2.11.3 IPs are identical throughout the SVZ 
 
Pax6-, Tbr2+ cycling cells are IPs. They were analyzed only in the SVZ, since 
less than 0.5 % of the cells in the VZ are Pax6-, Tbr2+. Their ISVZ and OSVZ 
populations had identical cell cycle features, regardless of the analysis 
method used (fig. 13, table 3). They had the shortest TC of all progenitor 
populations, and displayed a particularly short TS. 
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2.11.4 Pax6-, Tbr2- progenitors in the VZ have longer TC and TS 
 
The cycling portion of the Pax6-, Tbr2- population most likely does not 
generate neurons, since they do not express either of the transcription factors 
considered hallmarks of neocortical neurogenic progenitors. They are not very 
abundant, with cycling Pax6-, Tbr2- cells representing below 5 % of the total 
cell population in all areas (VZ: 2.9 ± 0.7 %; ISVZ: 4.0 ± 1.4 %; OSVZ: 3.6 ± 
1.2 % [mean ± S.D., n = 8]). However, it is interesting to notice that these cells 
seemed to form two different populations based on their cell cycle features 
(fig. 14): those progenitors located in the VZ had a longer TC (40.1 h) and TS 
(8.8 h) than those in the SVZ, which seem to be uniform in terms of their cell 
cycle length (ISVZ: TC: 20.0 h, TS: 2.8 h; OSVZ: TC 19.8 h, TS: 3.0 h). We did 
not investigate the identity of these cells, although given the time frame of our 
experiments they could correspond to early glial progenitors (Voigt, 1989). 
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Figure 14: Duration of TC and TS in Pax6-, Tbr2- cycling 
cells. These values were obtained by simple regression.	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2.12 Interpretation of the cell cycle data 
 
After obtaining estimates for the duration of each cell cycle phase in all 
progenitor populations, we sought to analyze them in more detail, in order to 
interpret them appropriately. For that purpose, we considered the relative 
duration of each cell cycle phase as a proportion of the total cell cycle length 
(fig. 15). We could thus establish comparisons based on the cell cycle profile 
of each progenitor, that is, the relative contribution of each cell cycle phase to 
the total cell cycle. We obtained the cell cycle profiles with the results from the 
simple regression method. 
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Figure 15: Cell cycle profiles of ferret neocortical progenitors. The figure depicts the 
proportion of each cell cycle phase relative to the total duration of the cell cycle. A circle 
graph is shown for each population, wherein each cell cycle phase (see legend on bottom 
left) is represented proportionally. The cell cycle data were obtained by the simple 
regression method. The Pax6-, Tbr2+ population in the VZ is very scarce (0.29 %), and 
hence its cell cycle features were not calculated.	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2.12.1 Cell cycle profiles, self-renewal and neurogenic potential 
 
Here, we analyze the cell cycle profiles of all progenitor types. We identify 
three different patterns and relate them to the proliferative and neurogenic 
potentials of each progenitor type. 
 
The duration of two specific cell cycle phases, G1 and S, has been linked with 
the self-renewal and neurogenic potential of neural progenitors (Arai et al., 
2011; Salomoni and Calegari, 2011). In the mouse, G1 phase increases in 
length as neural progenitors become more neurogenic (Calegari et al., 2005; 
Arai et al., 2011). Conversely, S phase is longer in progenitors that are not 
committed to neurogenesis, and thus have higher self-renewal potential (Arai 
et al., 2011).  
 
In the ferret, we observed a relatively narrow range of G1 phase durations, 
with no striking differences between different progenitor types. The shortest 
TG1 we calculated, irrespective of the regression method used, was 
approximately 1/3 shorter than the longest one; table 3, fig. 13). The 
variability of TS was much greater, with the shortest TS lasting less than 1/10 
of the longest one (table 3, fig. 13). When we analyzed the cell cycle profile 
of each progenitor population (fig. 15), we could distinguish three clearly 
distinct patterns of cell cycle progression, due mostly to differences in the 
relative contribution of G1 and S phases: 
 
1) APs, Pax6+, Tbr2+ progenitors in the VZ, and OSVZ bRG spend 
approximately 33 % of their cell cycle in S phase (32.4 %, 35.1 % and 32.9 %, 
respectively), and close to 60 % in G1 (61.2 %, 61.0 % and 61.8 %). These 
progenitors would thus have a high self-renewing potential. This is in 
accordance with other models, in which both APs and bRG of cells are known 
to undergo mostly self-renewing asymmetric divisions, giving rise to either 
intermediate progenitors or neurons. Due to the similarity in cell cycle profile, 
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the Pax6+, Tbr2+ progenitors in the VZ can be expected to also be 
proliferative and give rise to intermediate progenitors. 
 
2) Pax6+, Tbr2+ progenitors in both the ISVZ and OSVZ, and bRG in the 
ISVZ spend approximately 20 % of their cell cycle in S phase (21.5 %, 23.0 % 
and 19.5 %, respectively), and slightly over 70 % in G1 (72.8 %, 72.1 % and 
73.7 %). These progenitors would still have self-renewal capacity, given their 
relatively long S phase, but the bigger contribution of G1 could be indicative of 
more neurogenic commitment. This suggests that they could undergo 
asymmetric, self-renewing, neurogenic divisions. 
 
3) IPs in both ISVZ and OSVZ spend most of their cell cycle in G1 (85.2 and 
85.3 %, respectively), and less than 10 % in S (5.0 % and 8.0 %). They would 
thus be purely neurogenic progenitors. As previously described in other 
models, these cells would be committed to a final, symmetric, neurogenic 
division, without the ability to self-renew. 
 
 
2.13 Analysis of the SVZ as a single proliferative zone 
 
We propose that the cell cycle of progenitors in the inner and outer 
subventricular zones should be analyzed together to account for tissue 
dynamics. Re-analysis of our data yields new cell cycle features for bRG, 
consistent with previous knowledge. 
 
2.13.1 IPs and Pax6+, Tbr2+ progenitors are uniform populations 
 
So far, our results divided the subventricular zone into its two 
cytoarchitectonically distinct areas, the ISVZ and the OSVZ. However, the 
analysis of our cell cycle data suggests that some progenitors present in 
these areas have identical properties regardless of their specific location. 
Since both Pax6+, Tbr2+ progenitors and IPs displayed very similar cell cycle 
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values (fig. 13, table 3) and profiles (fig. 15) in ISVZ and OSVZ, we propose 
that their populations are uniform throughout the SVZ. 
 
2.13.2 bRG are dynamic cells 
 
The only major difference among the cell cycle features of SVZ progenitors 
was found in the bRG population (Pax6+, Tbr2-), which displayed a shorter TC 
and a slightly different profile in the ISVZ when compared to their counterparts 
in the OSVZ (figs. 13, 15, table 3). This could reflect the presence of two 
distinct bRG types, but it could also be due to the way in which we analyzed 
our data.  
 
The proliferative areas of the cortical wall are known to be highly dynamic: 
APs perform interkinetic nuclear migration (INM), a movement coupled to cell 
cycle progression in which their nuclei move apically during G2, dividing at the 
ventricular surface and migrating away from it during G1, undergoing S phase 
at more basal locations (Taverna and Huttner, 2010; Lee and Norden, 2013). 
bRG are known to delaminate, undergoing a basally directed movement, 
termed mitotic somal translocation (MST), right before dividing. Both of these 
movements could potentially remove cycling Pax6+, Tbr2- cells from the ISVZ 
before completion of their cell cycle. Any APs undergoing INM beyond the VZ 
boundary would return to the VZ, and delaminating bRG would leave the ISVZ 
towards the OSVZ. Since our analysis does not account for this possibility, it 
is possible that the real cell cycle features of this population cannot be simply 
deduced from studying fixed areas within a dynamic tissue. 
 
2.13.3 Re-analysis of the cell cycle data 
 
Here, we re-analyze our data, considering the SVZ as a single proliferative 
area. IPs and Pax6+, Tbr2+ progenitors display the same values as before. 
bRG appear to be similar to APs, with a slightly more neurogenic-like profile. 
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We decided to re-analyze our data for the totality of the SVZ, calculating again 
all the values for the different types of progenitors, regardless of their location 
in either the ISVZ or the OSVZ (fig. 16). This should minimize the alterations 
in cell cycle values due to the movement of cells between these two areas, 
which is expected mainly of bRG. 
 
As predicted, both the Pax6+, Tbr2+ and the Pax6-, Tbr2+ populations yielded 
values very similar to what we had observed in the previous analysis (fig. 
16b, c, e, f; see also fig. 13, fig. 15 and table 3). The fact that their cell cycle 
features do not change when different locations are considered together 
suggests that they are indeed a uniform population throughout the SVZ. It 
could also imply that they have a limited mobility between the ISVZ and 
OSVZ, and hence could be locally produced in each sub-area. 
 
The re-analysis of the Pax6+, Tbr2- population, however, shows that bRG, 
when considered as a single, dynamic population throughout the SVZ, have 
cell cycle features reminiscent of those of APs. Their total cell cycle length is 
somewhat longer (TC bRG: 54.6 h; TC APs: 49.8 h), and they have a shorter S 
phase (TS bRG: 13.5 h; TS APs: 16.1 h), and consequently a longer G1 (TG1 
bRG: 37.9 h; TG1 APs: 30.5 h) (fig. 16a, e).  
 
Interestingly, the resulting cell cycle profile (fig. 16f), although roughly similar 
to that of APs (fig. 15), displays a smaller contribution of S phase, and a 
bigger one of G1 (S: 24.7 %; G1: 69.4 %). This would place the bRG profile as 
an intermediate between those of APs and Pax6+, Tbr2+ progenitors. bRGs 
would then have a degree of neurogenic commitment greater than that of 
APs, but smaller than that of Pax6+, Tbr2+ progenitors or IPs, and the reverse 
would be true for self-renewing potential. 
 
The Pax6-, Tbr2- population (fig. 16d) also displayed values similar to those 
calculated before (fig. 14), although, as previously explained, we could not go 
into deeper detail, limiting our analysis to the estimation of TC and TS. 
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Figure 16: Cumulative EdU labeling in the SVZ. This figure shows the results of re-
analyzing the cumulative labeling data, considering the SVZ as a unitary proliferative 
area. All cell cycle values were calculated by simple regression. a-d: proportion of cells 
that incorporate EdU along the cumulative labeling experiment within each population 
identified by Pax6 and Tbr2 immunofluorescence: a, Pax6+, Tbr2-; b, Pax6+, Tbr2+; c, 
Pax6-, Tbr2-; d, Pax6-, Tbr2-. Each graph displays the growth fraction calculated for each 
population in untreated ferret kits (straight black line; n = 8), ± SD (dashed lines), and the 
minimum squares regression line of the linear segment of the graph (purple line), as well 
as its equation and its coefficient of determination (r2). The arrowheads on the y axis 
mark the initial labeling index (LI0), and those on the x axis mark the point were the 
regression line reaches the growth fraction (TC-TS). The values for TC-TS, TS and GF are 
displayed above each graph Data are represented as mean ± SEM; n = 3 animals from at 
least 2 different litters for each time point, except for 2, 6, 9 and 18 h (n = 2 animals from 
2 different litters). Notice the different scale in the y axis of d. e, Graphic summary of the 
duration of each cell cycle phase for each progenitor population, as calculated by simple 
regression. f, Cell cycle profile of each population. See legend at bottom left for e and f.	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2.14 Pax6+, Tbr2+ cells: transit-amplifying progenitors 
 
We propose, based on its cell cycle features, that the Pax6+, Tbr2+ 
population is composed of transit-amplifying progenitors. 
 
The cell cycle features of Pax6+, Tbr2+ progenitors are consistent with those 
of self-renewing progenitors, with a substantial part of their cell cycle 
dedicated to S-phase (35.0 % in the VZ, 21.5 % in the SVZ). 
 
In the VZ, their cell cycle profile and the absolute values are very similar to 
those of APs. From this, and given the known sequence of expression of 
Pax6 and Tbr2 in AP progeny in the mouse (Englund et al., 2005), we can 
infer that these populations could be related. The Pax6+, Tbr2+ population 
could be a subset of APs in which Tbr2 starts to be expressed, as part of the 
transition to a different kind of progenitor, or a distinct population derived from 
APs. Since the proportion of Pax6+, Tbr2+ mitoses in the VZ (14.1 ± 11.4 % 
[mean ± S.D., n = 8]) is lower than the percentage of Pax6+, Tbr2+ cells 
within the cycling population in that area (26.9 ± 4.8 % [mean ± S.D., n = 8]), 
both options could be valid. Hence, VZ Pax6+, Tbr2+ cells could be divided 
into a fraction of APs that express Tbr2+ and a different population that 
migrates into the SVZ before completing its cell cycle. 
 
A slightly different scenario can be proposed for the SVZ population. Their cell 
cycle profile seems to occupy a middle ground between those of the self-
renewing (bRG) and purely neurogenic (IPs) progenitors located in the same 
area. We therefore propose that these could be transit-amplifying progenitors 
(TAPs), defined as IP-like cells with self-renewing capacity (Lui et al., 2011). 
TAPs could either be derived from bRG in the SVZ or originated from APs in 
the VZ before migrating basally. 
 
However, further studies are necessary to prove the self-renewal capacity of 
these progenitors and investigate their lineage. 
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2.15 Proposed lineage of ferret neural progenitors 
 
As a summary of the results described so far, we propose a model for the 
main progenitor types in the developing ferret neocortex, describing their 
possible lineage relationships and neurogenic output (fig. 17). This is a 
speculation based on the cell cycle data, and thus requires additional 
experimental confirmation. 
 
2.15.1 VZ: APs self-renew and generate TAPs and bRG 
 
In the VZ, APs are the main progenitor population (68.3 ± 5.4 % of cycling 
cells [mean ± S.D., n = 8]), and the source of other progenitor types. Their 
long S-phase would ensure the high replication fidelity necessary for self-
renewing cells. 
 
Intriguingly, nearly one-third of the Pax6+, Tbr2- cells in this area are not 
actively proliferating (32.5 ± 5.8 % of this population is Ki67- [mean ± S.D.,  
n = 8]). These could be either newborn neurons directly derived from APs that 
inherit the Pax6 protein, or potential progenitors that have entered 
quiescence. This could reflect an early commitment of a subset of APs to 
generating glial cells after the switch from neurogenesis to gliogenesis. 
 
APs are most likely the direct source of the Pax6+, Tbr2+ population in the 
VZ. Part of these cells could be a subset of APs that have turned on Tbr2 
expression before dividing to generate other progenitor types. This possibility 
is supported by the existence of a proportion of Pax6+, Tbr2+ mitoses in the 
VZ (14.1 %), the vast majority of which occur at the ventricular surface. The 
rest of the Pax6+, Tbr2+ cells would be newborn TAPs migrating into the 
SVZ; indeed, most of the Pax6+, Tbr2+ population in the VZ is located in the 
basal half of this area (e.g. fig. 6b). Either way, TAPs would not divide further 
in the VZ, but rather migrate basally, continuing their cell cycle in the SVZ. 
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There are very few IPs in the VZ (0.29 % of the total population), which 
suggests that they are not generated directly from APs. 
 
Another possibility that we cannot yet exclude is that ISVZ TAPs could move 
into the VZ during some stage of their cell cycle. However, this seems 
unlikely, since no major nuclear translocation movements, analogous to INM 
or MST, have been described in any intermediate-like progenitors so far. 
 
APs would also give rise to bRG. The most parsimonious explanation for the 
cell cycle and cell biological features of bRG is that they are directly derived 
from APs undergoing an asymmetric division, in which one daughter cell 
would inherit only the basal process and delaminate into the SVZ, becoming a 
monopolar, Pax6+, Tbr2- bRG. This is consistent with previous studies in 
mouse and human bRG (Shitamukai et al., 2011; Wang et al., 2011; 
LaMonica et al., 2013), and with the horizontal divisions of APs reported in 
ferret, thought at the time to generate neurons (Chenn and McConnell, 1995). 
 
2.15.2 SVZ: bRG generate TAPs 
 
In the SVZ, the cell cycle features of both bRG and TAPs suggest that they 
are able to undergo self-renewing divisions, while IPs would only be able to 
undergo a single round of division. 
 
TAPs represent over half of the cycling cell population in the SVZ (57.7 ± 	  
1.8 % [mean ± S.D., n = 8]). This high proportion suggests that they are not 
only derived from APs in the VZ, but also generated in situ from other 
progenitors in the SVZ. Given the similarities between their cell cycle features 
and those of bRG, we propose that part of the SVZ TAPs could be the result 
of asymmetric, self-renewing divisions of bRG, in which one of the daughter 
cells would remain as a bRG, with the other one turning on Tbr2 expression 
and becoming a TAP. TAPs would then undergo self-renewing divisions, 
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either symmetric (generating two new TAPs, and thus expanding their own 
pool) or asymmetric.  
 
IPs could be the result of asymmetric TAP divisions, in which the non-TAP 
daughter cell would turn off Pax6 expression. It is also possible that IPs would 
be generated directly from asymmetric bRG divisions, in a similar manner. 
 
Neurons born in the SVZ of other model systems come mainly from IPs 
(Kowalczyk et al., 2009). However, in the P1 ferret these progenitors account 
for less than 5 % of the cycling cells in the SVZ (2.4 ± 1.0 % [mean ± S.D., n = 
8]), so neurons are probably generated from other progenitor types as well. 
Either bRG or TAPs could undergo asymmetric, neurogenic divisions. This 
could be accomplished by the presence of dedicated neurogenic subsets of 
each progenitor type, or by a temporal regulation of their self-renewing 
potential, leading to neurogenic divisions after several self-renewal cycles. 
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Figure 17: Proposed model of the lineage of ferret neural progenitors. Each 
progenitor type (as described on the legend at right) is shown with its cell cycle profile in 
a circle diagram underneath. Black arrows represent proposed lineage relationships (long 
arrows imply basal migration of the daughter cell), with the molecular transitions indicated 
in boxes, and the cell biological changes in italics; white arrows represent self-renewing 
capacity, and black lines represent the possible sources of neurons, either from 
symmetric (full line) or asymmetric (dashed lines) progenitor divisions.	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2.16 Live imaging experiments 
 
In order to confirm the model we have proposed, additional data are needed. 
We decided to perform live imaging experiments to investigate the lineage of 
each progenitor cell type described above. This approach would allow us to 
follow the divisions of the different progenitor types, tracking the fate of their 
daughter cells and thus reconstructing their lineage. 
 
We established our live imaging method in organotypic slice cultures of P1 
ferret brains, infecting the tissue with an adenovirus expressing EGFP under 
the control of the CMV promoter. This type of virus infects cells in all phases 
of the cell cycle, without specific preference for any cell type within the central 
nervous system, and thus the labeling we achieved was uniform and non-
specific. This helped us follow the divisions of different types of progenitors 
(figs. 18, 19). 
 
We first developed our method in mouse tissue, establishing a protocol based 
on previous studies (Attardo et al., 2008). However, the transfer of the 
technique to ferret was not trivial. The long cell cycle of ferret neural 
progenitors that we demonstrated here would be additionally lengthened by 
the tissue culture conditions (Breunig et al., 2011). This required long imaging 
times, lasting for a minimum of three days in order to cover at least two cell 
divisions of any given progenitor. Long imaging times in organotypic slice 
cultures have been performed before (Chenn and McConnell, 1995; Hansen 
et al., 2010), but no reports on the overall state of the tissue at the end of 
them have been reported. 
 
We ascertained the health state of the tissue by monitoring the general cell 
biological features of cells within it. Abundant cell motility, continuing INM and 
presence of mitoses were all considered necessary signs of normal tissue 
behavior, and thus we only considered those experiments that presented 
these features throughout their duration for further analysis.  
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We tried additional labeling methods, such as the deposition of a lipophilic dye 
(DiO, 3,3'-dioctadecyloxacarbocyanine perchlorate) on the pial surface, in 
order to label only basal process-bearing cells. This method had the 
advantage of a very fast labeling, bypassing the time necessary for virus-
infected cells to express GFP, but in general yielded worse results, with many 
cells dying after taking up the dye. 
 
Our first successful experiments allowed us to follow cell divisions of different 
types of progenitors. In the SVZ, we could observe divisions of both bRG (fig. 
18) and nonpolar progenitors (fig. 19). In the latter case, although it is not 
possible to distinguish between IPs and TAPs only by morphology, it is more 
likely that the observed divisions would correspond to TAPs rather than IPs, 
since TAPs represent the vast majority of the nonpolar, Tbr2+ divisions in the 
SVZ (91.9 ± 10.6 % [mean ± S.D., n = 8]).  
 
In all cases of bRG mitosis (fig. 18) that we could reliably follow through  
(n = 3 divisions from 2 different experiments), the division was morphologically 
asymmetric, with one daughter cell inheriting the basal process, and the other 
one retaining a nonpolar-like morphology for as long as we could follow it. In 
the case of TAPs/IPs (fig. 19), all the daughter cells we observed (n = 4 
divisions from 2 different experiments) retained a nonpolar morphology, with 
no de novo growth of apical or basal processes. 
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Figure 18: Live imaging of a bRG in the OSVZ. a-f: Sequence of 
still images from a live imaging experiment on P1 ferret, infected 
overnight (16 h) with 2x106 p.f.u. of GFP-expressing adenovirus. 
The time stamper on the upper left of each image shows the time 
when it was acquired (h:min; t = 00:00 marks the start of the image 
acquisition). The division of a bRG (a: yellow arrowhead, cell body; 
white arrowheads, basal process) can be traced, including the 
characteristic appearance of an enlargement in the basal process 
(green arrowhead in b) and a subsequent displacement of the cell 
body towards it prior to cell division (mitotic somal translocation: 
the dashed line in d indicates the approximate distance and 
direction of this movement). The basal process is kept throughout 
mitosis (d-e), and is in turn inherited by the basal-most daughter 
cell after an asymmetric division, which would yield a bRG (green 
arrowhead in f, cell body of the bRG; white arrowheads, basal 
process) and a nonpolar daughter cell (red arrowhead in f; notice 
the lack of any visible cell processes). Scale bar in a, 50 µm.	  
a b c
d e f
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Unfortunately, we were not able to trace the daughter cells from any 
progenitor division for the potential duration of a subsequent cell cycle 
(expected to last for over 40 h from our cell cycle data) in any of our ferret 
experiments. This was either due to the movement of the daughters out of the 
focal plane or to the limited duration of our experiments. Hence, we have not 
yet been able to confirm any of the lineages we proposed for each type of 
progenitor. 
 
a
e
b
f g
c
h
d
Figure 19: Live imaging of two nonpolar progenitors in the OSVZ. a-h: Sequence of still images 
from a live imaging experiment on P1 ferret, infected overnight (16 h) with 2x106 p.f.u. of GFP-
expressing adenovirus. The time stamper on the upper left of each image shows the time when it was 
acquired (h:min; t = 00:00 marks the start of the image acquisition). The divisions of two separate 
non-process bearing progenitors can be followed at different times, from the rounding up before 
division (yellow arrowheads in a and f) to the appearance of their daughter cells (red arrowheads in 
b-d, g-h). The daughter cells from the first division stay together for several hours (b-d), before 
moving out of plane (d); the daughters of the second division also stay together until the end of the 
imaged period (g-h). Scale bar in a, 50 µm.	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However, we did obtain a preliminary confirmation of the asymmetry of bRG 
divisions, and we could, at least with our available evidence, discard the 
possibility that bRG could be derived from nonpolar progenitors. We could 
also observe the expected behavior of bRG, performing MST (fig. 18), and 
TAPs/IPs, remaining static before rounding up for division (fig. 19) (Hansen et 
al., 2010; Wang et al., 2011; LaMonica et al., 2013). In those cases where 
they could be correctly monitored throughout, divisions occurred within the 
time frame that could be expected from our cell cycle data (fig. 19f, g), 
including a slight lengthening due to the tissue culture conditions (Breunig et 
al., 2011).  
 
Improvements in the method, especially concerning the duration of the 
experiment, should allow for more in-depth analyses in the near future, 
ultimately yielding the lineage of each progenitor type. An additional approach 
to minimize the time between sacrifice of the animal and start of the imaging 
experiment could be the electroporation of GFP-encoding plasmids, either in 
utero (Kawasaki et al., 2012, 2013), in vivo in postnatal animals (Borrell, 
2010), or ex vivo in dissected brains (Polleux and Ghosh, 2002). The 
possibility for genetic manipulation will be available soon, as a result of the 
ongoing ferret genome sequencing project (Broad Institute). 
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3. DISCUSSION 
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In this work, we have studied the cell cycle of neural progenitors in the 
developing ferret neocortex. We identified different progenitor populations by 
the expression of Pax6 and Tbr2. We report that previously known self-
renewing progenitors, namely APs and bRG, have a cell cycle that lasts more 
than two days, with a characteristically long S-phase. IPs, progenitors known 
to generate neurons directly, exist in a very low abundance, and have a 
shorter cell cycle, which they spend mostly in G1 phase. We also report the 
presence of a potential population of transit-amplifying progenitors, TAPs, in 
great abundance. We provide the first cell biological characterization of these 
cells by analyzing their cell cycle features, which are consistent with their 
proposed role as self-renewing, possibly neurogenic progenitors. We propose 
lineage relationships between the different progenitor types based on their cell 
cycle features. We have developed a live imaging method in ferret 
organotypic brain slice culture, which allowed us to follow progenitor cell 
divisions. Future research will allow us to identify the fate of daughter cells 
from different progenitor types. We aim to eventually reconstruct the lineage 
of each progenitor cell type, and consequently elucidate their neuronal output 
and their contribution to neocortical expansion. 
 
 
3.1 Diversity of progenitor types 
 
Our study aimed to describe the progenitor cell populations that make up the 
developing neocortex of a gyrencephalic species, as a tool to understand the 
mechanisms that underlie the evolutionary cortical expansion in an animal 
model with a cortical development pattern similar to human.  
 
We have distinguished different types of progenitors based on the expression 
of two key neural progenitor markers, Pax6 and Tbr2 (Englund et al., 2005). 
The analysis of these markers in the different proliferative areas of the ferret 
neocortex led us to define at least four different populations. Three of them 
had been previously described in ferret:  
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APs, located in the VZ (and potentially in the apical-most sector of the ISVZ, 
as a result of INM (Arai et al., 2011)), positive for Pax6 and negative for Tbr2;  
 
IPs, present in low numbers throughout the SVZ, positive for Tbr2 and 
negative for Pax6 (Kowalczyk et al., 2009); and  
 
bRG, also present throughout the SVZ, positive for Pax6 and negative for 
Tbr2 (Fietz et al., 2010; Reillo et al., 2011; Kelava et al., 2012).  
 
We identified an additional progenitor population, positive for both Pax6 and 
Tbr2, present throughout all proliferative areas. We discuss the identity of 
these cells, and propose that at least part of them could be TAPs, transit-
amplifying progenitors. 
 
 
3.2 Identity of Pax6+, Tbr2+ progenitors 
 
The presence of cells positive for both Pax6 and Tbr2 in the developing ferret 
neocortex has been reported before, in proportions similar to those we 
obtained (Reillo et al., 2012; Poluch and Juliano, 2013). So far, no additional 
cell biological features of these cells have been described. They have been 
suggested to be important for neocortical expansion (Poluch and Juliano, 
2013), although no specific identity or behavior has been proposed for them. 
 
3.2.1 Pax6+, Tbr2+ progenitors in the VZ 
 
We can distinguish two potentially different populations of Pax6+, Tbr2+ 
progenitors in the VZ. The proportion of mitoses positive for both transcription 
factors (14.1 %) is roughly half of the proportion of double-positive cells within 
the total cycling population in this area (26.9 %). This is consistent with a 
scenario in which some APs would turn on Tbr2 expression before dividing 
asymmetrically, generating a new Pax6+, Tbr2+ AP and another double-
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positive progenitor that would join a pool of similar cells in the SVZ, 
completing its cell cycle there.  
 
3.2.2 Pax6+, Tbr2+ progenitors in the SVZ: TAPs 
 
Here, we propose that the Pax6+, Tbr2+ progenitors in the SVZ are TAPs, 
transit-amplifying progenitors. The existence of this type of cell has been 
hypothesized to be one of the key factors underlying cortical expansion, since 
they would form an additional pool of self-renewing progenitors in 
gyrencephalic brains, greatly enhancing the potential neuronal output of the 
telencephalon (Lui et al., 2011). 
 
3.2.3 Different progenitor types generate TAPs  
 
TAPs would be generated both from APs in the VZ and from other progenitor 
types in the SVZ. Our cell cycle data suggest that part of them could be 
derived from bRG, and our live imaging experiments seem to support this 
hypothesis, since all bRG divisions we could observe produced 
morphologically different cells, one of them a new bRG and the other a 
nonpolar cell. This is in line with previously described human bRG divisions, 
which are known to generate TAPs and IPs (Hansen et al., 2010; LaMonica et 
al., 2013). However, since the proportion of IPs in the ferret (Reillo and 
Borrell, 2012; Poluch and Juliano, 2013, and this study) is much lower than 
that in the human (Hansen et al., 2010), it is likely that most bRG divisions in 
ferret do not produce IPs.  
 
It is also possible, since these cells have self-renewal capacity, that part of 
them would be derived from symmetric, proliferative TAP divisions. The cell 
cycle profile of VZ TAPs suggests that they are more proliferative and less 
neurogenic than those in the SVZ. This could imply that they give rise to part 
of the SVZ TAP population by symmetric, self-renewing divisions. 
 
	   64	  
3.2.4 Cell biology of TAPs 
 
TAPs are nonpolar, since all the monopolar mitoses in the ferret developing 
neocortex are Pax6+, Tbr2- (Fietz et al., 2010; Kelava et al., 2012). Pax6 and 
Tbr2 are sequentially expressed as progenitors lose self-renewal capacity and 
become more neurogenic (Englund et al., 2005). The simultaneous 
expression of these transcription factors in TAPs is thus consistent with the 
role we propose for them, as self-renewing but neurogenically committed 
progenitors. Our cell cycle data support this hypothesis: they have a long S-
phase, like self-renewing progenitors, but also spend a comparatively long 
part of their cell cycle in G1 phase, which is consistent with a more 
neurogenic fate.  
 
3.2.5 TAPs in other species 
 
3.2.5.1 Lissencephalic models 
 
Cells positive for both Pax6 and Tbr2 are also present in the mouse 
developing telencephalon: 30 % of the Pax6+ interphase nuclei in the VZ, and 
26 % of the Tbr2+ interphase nuclei in the SVZ were also positive for Tbr2 
and Pax6, respectively (Arai et al., 2011). These cells were defined as 
newborn IPs, and considered as such for cell cycle analysis (Arai et al., 2011).  
 
However, there is a minor proportion of IPs in the SVZ of mouse (between 10 
and 20 % at mid-neurogenesis) that are non-neurogenic, as revealed by the 
absence of Tis21:GFP expression (Haubensak et al., 2004; Arai et al., 2004). 
These progenitors are thought to be able to self-renew, as supported by their 
cell cycle features (Arai et al., 2011). A similar proportion of self-renewing IP-
like progenitors have been observed in rats by live cell imaging (Noctor et al., 
2004).  
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Taken together, these data suggest the existence, in mouse and rat, of a 
minor TAP population. Given the proportion of IP-like progenitors expressing 
both Pax6 and Tbr2 (Arai et al., 2011), and the sequence of expression of 
these transcription factors (Englund et al., 2005), it seems plausible that, as 
we propose, TAPs would be positive for both of these markers in the mouse 
as well as in the ferret.  
 
3.2.5.2 Gyrencephalic species 
 
So far, the existence of TAPs in gyrencephalic species was based on the 
observation of nonpolar cells dividing more than once in the SVZ of the 
developing human brain (Hansen et al., 2010; LaMonica et al., 2013). We 
have contributed to this knowledge by identifying a potential TAP population in 
another gyrencephalic species, the ferret. We describe them as double 
positive for Pax6 and Tbr2, thereby providing a way to identify them, and give 
an insight into their cell cycle features, which are consistent with their 
proposed roles. Differences in the proportions of TAP and IP populations, or 
in their cell biology, could help explain the higher degree of cortical expansion 
seen in the human when compared to ferret. 
 
 
3.3 IPs: low proportion, short cell cycle 
 
3.3.1 IPs are scarce in the ferret 
 
IPs are a small proportion of the progenitors in the developing ferret 
neocortex, representing 0.4 % and 2.4 % of the cycling cell population in VZ 
and SVZ, respectively. This contrasts with their presence in mouse, where 40 
% of the interphase nuclei in the SVZ at E14.5 are IPs (Arai et al., 2010), and 
in human, where between 13 and 23 % of the OSVZ cycling cells have an IP-
like marker profile at mid- and late neurogenesis (Hansen et al., 2010).  
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3.3.2 IPs have the shortest cell cycle, and no G1 lengthening 
 
3.3.2.1 Mouse IPs have a long G1 that lengthens their cell cycle 
 
In the mouse, the lengthening of G1 in IPs extends their cell cycle duration 
well beyond that of APs (Calegari et al., 2005; Arai et al., 2011). Artificial 
lengthening of G1 leads to premature neurogenesis (Calegari and Huttner, 
2003), whereas its shortening increases cell cycle reentry and proliferation of 
both APs and IPs, delaying neurogenesis and altering the cortical laminar 
structure  (Lange et al., 2009; Pilaz et al., 2009). These studies, along with the 
fact that G1 was the only cell cycle phase found to be consistently lengthened 
in VZ progenitors along neurogenesis (Takahashi et al., 1995; Miyama et al., 
1997), have suggested that changes in G1 length are an important factor 
controlling the balance of proliferation and differentiation in neural progenitors 
(Dehay and Kennedy, 2007; Salomoni and Calegari, 2010). 
 
3.3.2.2 Ferret IPs have a short cell cycle, but spend most of it in G1 
 
The overall cell cycle length of ferret IPs was the shortest of all progenitors, 
and their G1 phase duration was similar to those of the others. When the cell 
cycle profile is considered, IPs spend most of their cell cycle (88.7 %) in G1, 
in contrast to other SVZ progenitors (bRG: 69.4 %; TAPs: 72.8 %). When the 
mouse data were analyzed as cell cycle profiles, the results were similar to 
those we obtained, with IPs spending 81.3 % of their cell cycle in G1, and 
self-renewing IPs/TAPs 71.0 % (Arai et al., 2010). It is thus possible that the 
factor determining the neurogenic commitment of a neural progenitor is the 
proportion of its cell cycle dedicated to G1, rather than its absolute length.  
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3.3.2.3 Cell cycle shortening in other gyrencephalic species 
 
The lack of cell cycle lengthening in ferret IPs could be a reflection of intrinsic 
mechanisms leading to the increased neuronal output of a gyrencephalic 
brain. In other gyrencephalic models, the overall cell cycle length of the VZ 
progenitors was found to increase by mid-neurogenesis, decreasing again at 
later stages with a higher neuronal output (Kornack and Rakic, 1998). A 
similar shortening was described in the ferret visual cortex from P0 to P6 
(Reillo and Borrell, 2012). Additionally, highly neuron-producing areas had a 
shorter cell cycle length than neighboring less cell-dense ones (Lukaszewicz 
et al., 2005). These data suggest that, at least in certain cases, there is a 
shortening of the cell cycle length of neural progenitors concomitant to their 
neurogenic commitment. 
 
 A similar cell cycle shortening upon neurogenic commitment has been 
described in the CNS of other models (Saade et al., 2013), as well as in 
transit-amplifying steps of certain mouse lineages in the large SVZ of the 
ventral telencephalon (Pilz et al., 2013). It is thus possible that a shorter cell 
cycle of neurogenic progenitors is a feature that arises when a great neuronal 
output is necessary. 
 
3.4 Other potential progenitor populations 
 
While investigating the main progenitor types (APs, bRG, TAPs and IPs), we 
noticed the existence of cycling cells that were negative for both Pax6 and 
Tbr2. The presence of such cells has been described before (Reillo and 
Borrell, 2012), but here we provide the first characterization of their cell 
biology by describing the duration of their cell cycle. Based on this, there 
could be two distinct Pax6-, Tbr2- populations: one with a longer cell cycle 
(40.1 h) and S phase (8.8 h) in the VZ, and one with shorter TC (19.6 h) and 
TS (2.8 h) in the SVZ. These cells could be gliogenic progenitors, since they 
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are known to exist at this stage already (Voigt, 1989; Martínez-Cerdeño et al., 
2012; Reillo and Borrell, 2012), but their exact identity remains unknown. 
 
The cycling cell population in the VZ would also include any potential SNPs 
(Gal et al., 2006; Stancik et al., 2010), although the proportion in which these 
progenitors are present in the ferret is not known. We have therefore chosen 
a conservative approach, considering VZ progenitors as APs or nascent 
TAPs. The cell cycle of SNPs differs from that of APs (Gal et al., 2006; 
Stancik et al., 2010), and hence it would be interesting to analyze their 
presence and cell cycle dynamics in the ferret. This will be possible when 
better markers become available for this population. 
 
A proportion of the progenitor types we studied could correspond to the 
recently discovered bpRG (Pilz et al., 2013). These progenitors have been 
described to represent nearly 10 % of the mitotic cells in all proliferative areas 
of the developing ferret neocortex (Pilz et al., 2013). They could be a transit-
amplifying progenitor between APs and basal progenitors, given their 
extended, AP-like apical and basal processes and the non-apical location of 
their mitoses (Pilz et al., 2013). bpRG could be a part of the TAP population 
we propose here, although it is not possible to confirm it until their Pax6 and 
Tbr2 expression is analyzed. 
 
 
3.5 Neurogenesis and cell cycle length 
 
The cell cycle length for different neural progenitor types that we report here 
(ranging from 40 to 56 h) are not far from those calculated in previous studies 
in primates, where they range from 27 to 46 h at late neurogenesis, 
depending on species and brain area (Kornack and Rakic, 1998; Lukaszewicz 
et al., 2005). These values, however, are considerably longer than those of 
mouse neural progenitors, which range from 16 to 30 h at mid- and late 
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neurogenesis, depending on progenitor type (Takahashi et al., 1995; Arai et 
al., 2010).  
 
In mouse, apical progenitors have been proposed to undergo a total of 11 cell 
cycles during their seven-day period of neurogenesis (Takahashi et al., 1995). 
Primates have a much longer neurogenic period, of approximately 60 days in 
rhesus monkey and over 20 weeks in the human. Their neural progenitors 
have been proposed to be able to undergo more rounds of division than 
mouse, despite their long cell cycle, thus increasing the neuronal output 
(Kornack and Rakic, 1998; Dehay and Kennedy, 2007). The neurogenic 
period of ferrets lasts for approximately three weeks. It is longer than that of 
mouse, but shorter than those of primates. This, together with the comparable 
cell cycle length and the different progenitor proportions, could contribute to 
explain why the ferret neocortex is less expanded than that of the primates. 
Neural progenitors may have similar characteristics and a comparable cell 
cycle length, but they exist in different proportions, and the differences in the 
length of the neurogenic period would limit their neurogenic output in the ferret 
compared to primates. 
 
 
3.6 Where do ferret neurons come from? 
 
IPs have been proposed to be the main source of neocortical neurons from 
mid-neurogenesis, at least in the mouse (Kowalczyk et al., 2009). The low 
proportion these progenitors the ferret seems insufficient to give rise to all the 
neurons being generated at this time. We thus propose two other possible 
sources of neurons: TAPs and bRG.  
 
3.6.1 Neurons from TAPs 
 
TAPs could have different division modes: symmetric, either IP-genic or self-
renewing (Lui et al., 2011); and asymmetric, self-renewing, either IP-genic or 
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neurogenic. This last option would imply that the most common progenitor 
type in the SVZ could be the main source of neurons in the ferret, as is the 
case with IPs in the mouse. 
 
A small proportion of IP-like cells in the SVZ of rats was found to divide 
asymmetrically, instead of producing two daughter neurons (Noctor et al., 
2004). If we use the existence of Pax6+, Tbr2+ cells in the developing rat 
brain (Martínez-Cerdeño et al., 2012) as a proxy for the potential existence of 
TAPs, and if we bear in mind that this double-positive population exists at low 
proportions in rodents (Arai et al., 2011; Martínez-Cerdeño et al., 2012), we 
could speculate that there might be a very minor TAP population that divides 
asymmetrically, even in the case of lissencephalic rodents.  
 
The comparative expansion of the Pax6+ Tbr2+ population in ferrets (Reillo 
and Borrell, 2012; Poluch and Juliano, 2013; and this study) could imply that 
any potential neurogenic, self-renewing TAPs would be present in a higher 
proportion.  
 
3.6.2 Neurons from bRG? 
 
bRG are known to undergo mostly asymmetric, self-renewing, neurogenic 
divisions in the mouse (Shitamukai et al., 2011; Wang et al., 2011a). In 
human, they have been described to undergo both symmetric self-renewing 
and asymmetric self-renewing divisions. In the latter case, most daughter cells 
were nonpolar cells that divided again, which could be either IPs or TAPs 
(Hansen et al., 2010; LaMonica et al., 2013). The fate of the daughter cells 
from bRG divisions is clearly different in mouse and human. We have 
observed morphologically asymmetric divisions of ferret bRG, where the 
nonpolar daughters did not regrow a basal process. Further research should 
reveal whether the bRG daughters are neurons or new progenitor cells.  
 
 
	   71	  
3.6 Proliferative areas, cortical expansion and 
evolution 
 
3.7.1 Presence of bRG does not imply gyrencephaly 
 
The expansion of the cerebral cortex in gyrencephalic species is tightly 
associated with the developmental mechanisms that operate in them. Recent 
research has tried to investigate cortical expansion by studying novel 
progenitor types, namely bRG, thought to be exclusive of gyrencephalic brains 
(Fietz et al., 2010; Hansen et al., 2010; Reillo et al., 2011). Recent research, 
however, proved the existence of these progenitors, albeit at low abundance, 
in lissencephalic models (Shitamukai et al., 2011; Wang et al., 2011). 
Interestingly, the presence of bRG, even in similar proportions as in 
gyrencephalic brains, is not enough to induce cortical folding in certain 
lissencephalic species (García-Moreno et al., 2012; Kelava et al., 2012; 
Hevner and Haydar, 2012).  
 
3.7.2 Expansion of the SVZ does not cause cortical expansion 
 
Similarly, the presence or absence of certain proliferative zones, such as the 
SVZ as a whole (Cheung et al., 2010; Charvet and Striedter, 2011), or its 
expansion into ISVZ and OSVZ (Smart et al., 2002; Fish et al., 2008), were 
thought to be a major underlying feature of gyrencephalic brains. It is now 
known that the presence of a distinct OSVZ does not necessarily lead to 
gyrification (García-Moreno et al., 2012; Kelava et al., 2012; Martínez-
Cerdeño et al., 2012).  
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3.7.3 Possible causes of neocortical expansion 
 
It follows that the major factors underlying cortical expansion must reside 
somewhere else, be it in the existence of separate cell lineages with distinct 
neurogenic properties (Franco and Müller, 2013), in the presence or relative 
abundance of progenitor types not yet fully described (Lui et al., 2011), or in 
the cell biological features of the known neural progenitors, including their 
proliferative and neurogenic potentials (Fietz and Huttner, 2011).  
 
Changes in cell cycle length of basal progenitors (commonly considered, 
without distinguishing between IPs, TAPs and bRG) have recently been 
shown to drive cortical expansion in ferret, but not in mouse (Nonaka-
Kinoshita et al., 2013), suggesting a major role in the genesis of gyrencephaly 
for both the presence (or relative abundance) of different progenitor types, 
and for cell cycle regulation. Notably, and adding to our previous 
considerations, a shorter cell cycle in basal progenitors led to a greater 
neurogenic output in ferret (Nonaka-Kinoshita et al., 2013). 
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3.8 Outlook 
 
The results we have described here could be the foundation for much 
interesting future research: 
 
It would be desirable to perform cell cycle analyses throughout the whole 
neurogenic period in ferrets. This would allow the study of the potential 
neurogenic output, number of cell cycles, and degree of fate restriction of 
each progenitor type. Similar studies have proven extremely informative in 
mouse (Takahashi et al., 1995; Caviness et al., 2003).  
 
It would also be very interesting to compare the cell cycle features in 
progenitors of prospective gyri and sulci. The former have been shown to 
have more actively cycling cells (Reillo et al., 2011), as expected for areas of 
high neuronal output (Lukaszewicz et al., 2005). We could thus speculate that 
cell cycle kinetics would be different.  
 
Cell cycle analysis presents experimental difficulties and is extremely time-
consuming, but following recent developments (de Boer et al., 2012), it might 
be possible to simplify the experimental method and minimize the analysis 
time, while obtaining three-dimensional information (de Boer et al., 2012) that 
could be of great use for comparison with gyrification patterns.  
 
The most important and immediate future step is the investigation of the 
lineage of different progenitor types. We have started to do so with our live 
imaging studies, but there is still much work ahead. This technique has 
proven very powerful in other systems, hence the importance of applying it to 
a readily available gyrencephalic species. In addition, the recent development 
of genetic manipulation tools for the developing ferret brain (Borrell, 2010; 
Kawasaki et al., 2012, 2013), and the release of its genomic sequence (Broad 
Institute) should prove a tremendously valuable improvement, both in terms of 
imaging techniques and of possible functional analyses. 
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4. MATERIAL AND 
METHODS 
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4.1 Materials 
 
4.1.0 Ethics statement 
All experiments involving animal usage were performed in accordance with 
German animal welfare legislation, and were approved by the Landesdirektion 
Sachsen. It was an absolute priority to ensure that all animals used in these 
experiments were treated humanely and received the best possible care. The 
housing and caretaking of the ferrets always followed the breederʼs 
recommendations. All experiments and handling protocols were carefully and 
thoroughly designed and carried out so as to minimize any potential suffering 
or stress caused to the animals. Sacrifices were avoided whenever possible. 
 
4.1.1 Tissue samples: 
 
Mouse 
Mice (Mus musculus, strain C57Bl6) were housed at the Biomedical Services 
facility (BMS) in the Max Planck Institute of Molecular Cell Biology and 
Genetics (MPI-CBG, Dresden). Mouse breeding was kindly arranged on 
demand by the BMS staff; the day of appearance of a vaginal plug was 
defined as embryonic day 0.5 (E0.5), and the embryonic stages were 
calculated thereafter. 
 
Ferret 
Timed-pregnant sable ferrets (Mustela putorius furo) were purchased from 
Marshall BioResources (North Rose, NY, USA). They were delivered in 
Dresden at gestation days E20-E28 (the breeding day was defined as E0). 
The pregnant jills were housed at the facilities of BioCrea GmbH (Radebeul, 
Saxony, Germany). They were transferred to a dedicated room within the 
BMS facilities of the MPI-CBG, one to two days before reaching the 
developmental stage necessary for each experiment, and housed there until 
the experimentʼs completion.  
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4.1.2 Equipment 
 
Instrument Company; model(s) 
Balance Sartorius; BP3100, BP121S 
Cell culture hood The Baker Company; SterilGard III Advance 
Cryostat Microm; HM560 
Dissection microscope Olympus; SZX12 
Dissection tools Fine Science Tools 
Heating block Scientific Labtech; Dri-Block Digi-2 
Incubation chamber MPI-CBG Workshop (custom-made) 
Magnetic stirrer Heidolph; MR3000 
Microscopes Zeiss; LSM510, LSM 710 
Objective heater Bioptechs 
pH meter Meterlab; PHM210 
Pipettes Gilson Pipetman 
Rocking platform Sondera 
Stage heater PeCon; Tempcontrol 37-2 + heating frame 
Staining boxes MPI-CBG Workshop (custom-made) 
Vibratome Leica; VT1200S 
Water bath GFL; 1002 
Whole embryo culture incubator RKI Ikemoto; 010-0311 
 
 
4.1.3 Chemicals, reagents, commercial media 
 
Item Supplier 
Agarose (type XI, low gelling temperature) Sigma-Aldrich 
Antifade Reagent (Prolong Gold) Molecular Probes 
B-27 supplement Invitrogen 
Collagen (CellMatrix type I-A) Nitta Gelatin 
DAPI (4',6-diamidino-2-phenylindole) Sigma-Aldrich 
DiO (3,3'-dioctadecyloxacarbocyanine perchlorate) Molecular Probes 
DMEM/F12 (Dulbecco's Modified Eagle Medium / Ham's F12 nutrient mixture) Invitrogen 
EdU (5-ethynyl-2’-deoxyuridine) Invitrogen 
Ethanol Merck 
Ferret serum Sera Laboratories  
Gas mixture (55% N2, 40% O2, 5% CO2) Westfalen AG 
Gelatin Roth 
Glutamine (L-glutamine) Invitrogen 
Glycine Merck 
Glycerol VWR 
Ketamine Bela-Pharm 
Mowiol Calbiochem 
N2 supplement Invitrogen 
Neurobasal medium Invitrogen 
OCT compound (TissueTek) Sakura Finetek 
Other chemicals Merck 
Paraformaldehyde Riedel-de Haën 
Penicillin/streptomycin Invitrogen 
Rat serum Charles River Japan 
Sodium citrate (trisodium citrate) Fluka 
Sucrose Merck 
T-61 Intravet 
Triton X-100 Serva 
Xylazine Pharma-Partner 
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4.1.4 Miscellaneous 
 
Adenovirus: 
A commercial adenovirus was purchased (Vector BioLabs; cat. # 1060) and 
stored at -80 ˚C until use. It was a pre-packaged, ready-to-use, replication-
incompetent recombinant human adenovirus type 5, expressing enhanced 
GFP under the control of a CMV promoter. The concentration of the virus was 
confirmed by titration in HEK 293T cells. 
 
EdU detection: 
The Click-iT EdU Alexa Fluor 647 Imaging Kit (Invitrogen; cat. # C10340) was 
used, according to the supplierʼs instructions with slight modifications. 
 
 
4.1.5 Media 
 
Medium Component  Concentration 
   
PBS NaCl 137 mM 
(in water, pH 7.4) KCl 2.7 mM 
 KH2PO4 1.4 mM 
 Na2HPO4 10 mM 
   
Tyrode's solution NaCl 136 mM 
(in water, pH 7.4) KCl 2.7 mM 
 CaCl2 1.4 mM 
 MgCl2 1 mM 
 Na2HPO4 0.4 mM 
 NaHCO3 12 mM 
 D-glucose 5.5 mM 
   
Tx buffer NaCl 300 mM 
(in PBS) gelatin 0.2 % v/v 
 Triton X-100 0.3 % v/v 
   
Slice culture medium ferret/rat serum 10 % v/v 
(in Neurobasal medium) N2 supplement 1x 
 B-27 supplement 1x 
 L-glutamine 2 mM 
 penicillin/streptomycin 100 U/ml 
   
Collagen matrix CellMatrix type I-A 2.2 mg/ml 
(in DMEM/F12) penicillin/streptomycin 100 U/ml 
 reconstitution buffer  1x 
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4.1.6 Antibodies 
 
Primary antibodies 
Antigen Host species Mono/polyclonal Supplier (catalog number) Dilution 
Histone H3 (phospho S28) rat monoclonal Abcam (ab10543) 1/500 
Ki67 (human) mouse monoclonal Dako (M7240) 1/200 
Pax6 rabbit polyclonal Covance (PRB-278P) 1/200 
PCNA mouse monoclonal Chemicon (MAB-424R) 1/250 
Tbr2 rabbit polyclonal Abcam (ab23345) 1/200 
Tbr2 sheep polyclonal R & D Systems (AF6166) 1/200 
Vimentin (phospho S71) mouse monoclonal MBL (D093-3) 1/500 
 
Secondary antibodies 
Antigen Host species Conjugated fluorophore(s) Supplier Dilution 
mouse IgG donkey Alexa Fluor 555, 647 Molecular Probes 1/500 
rabbit IgG donkey Alexa Fluor 488, 555, 647 Molecular Probes 1/500 
rat IgG donkey Alexa Fluor 488 Molecular Probes 1/500 
sheep IgG donkey Alexa Fluor 488, 555 Molecular Probes 1/500 
 
 
 
 
4.2 Methods 
 
4.2.1 Animal sacrifice and tissue fixation 
 
Mouse 
Pregnant mice were sacrificed by cervical dislocation. After a quick 
disinfection with ethanol (70 % v/v in water), the abdominal cavity was cut 
open, and both uterine horns were removed and collected in PBS. The 
embryos were dissected in ice-cold PBS, and their brains were extracted, 
rinsed in PBS, and immediately immersed in 4 % paraformaldehyde (PFA) in 
phosphate buffer (120 mM in water, pH 7.2). Fixation was achieved by an 
initial stage of 1-2 h at room temperature, followed by an additional overnight 
period (16-24 h) at 4 ˚C; both steps were performed on a rocking platform. 
The tissue was then briefly washed in PBS, and either stored at 4 ˚C in PBS-
azide (0.02 % w/v sodium azide in PBS) or further processed for 
cryosectioning. 
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Ferret 
For the analysis of ferret embryos, pregnant jills were deeply anesthetized by 
intramuscular injection of ketamine (20 mg/kg) plus xylazine (1 mg/kg); the 
skin of the abdomen was briefly disinfected with ethanol, and the uterus was 
removed and collected in PBS. The jill was then sacrificed by intracardiac 
injection of T-61 (0.3 ml/kg). The embryos were dissected out of the uterus in 
PBS, and their brains (or whole heads) were rinsed and immediately 
immersed in 4 % PFA. Fixation and storage of the samples was carried out as 
described above. For postnatal stages, ferret kits were subjected to 
hypothermic anesthesia in crushed ice, and sacrificed by intracardiac 
perfusion with 4 % PFA at 37 ˚C. Their brains were dissected out and 
immediately immersed in 4 % PFA; the post-fixation protocol was the same as 
for the fixation of embryonic tissue. 
 
4.2.2 Cumulative EdU labeling 
 
Ferret kits were injected intraperitoneally with 100 µg of EdU (5-ehtynyl-2ʼ-
deoxyuridine) diluted in PBS (100 µl from a 1 mg/ml stock). The injections 
were performed every 3 h, and the kits were sacrificed (as described above) 
at the corresponding times, for a period of up to 48 h. So as to minimize the 
stress of all the animals, the ferret kits remained with their mother and their 
littermates throughout the whole experiment, except for the brief injection and 
sacrifice times, during which they were transferred onto a heating blanket. 
 
4.2.3 Tissue processing 
 
For cryosectioning, fixed samples were cryoprotected by immersion in 
increasing concentrations of sucrose in PBS. The fixed tissue was placed first 
in 15 % sucrose overnight, until saturated (this was observable by the sinking 
of the tissue), and then for an additional overnight period in 30 % sucrose, 
again until saturation was reached. Both steps were carried out at 4 ˚C on a 
rocking platform. The tissue was then successively immersed in 6 Petri dishes 
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containing clean OCT Compound (Tissue-Tek), and gently but thoroughly 
swirled around, in order to remove excess sucrose-PBS solution; it was then 
transferred to an embedding mold containing OCT, and positioned as 
necessary for sectioning. The mold was then placed on dry ice until 
solidification of the OCT, and stored at -20 ˚C until sectioned. 
 
4.2.4 Cryosectioning  
 
10-20 µm-thick sections were obtained in a cryostat, with cutting parameters 
varying depending on each sample and the environmental conditions. A blade 
temperature of -20/-21 ˚C and a tissue temperature of -18/-19 ˚C were most 
commonly used. The tissue was always oriented so that the blade would first 
contact the pial surface of the dorsolateral telencephalon, cutting towards the 
ventricular surface. Every section was collected whenever possible (inevitable 
accidental losses typically accounted for less than 5 % of the sections), 
covering the telencephalon from a rostral position (for ferret tissue, collection 
typically started with the first visible evidence of the ventricle) to a caudal one 
(normally until the caudal-most end of the caudal ganglionic eminence). 
Sections were collected onto gelatin-coated microscope slides, in such a way 
that each slide contained samples from all levels along the rostro-caudal axis. 
This way the approximate distance between sections on a slide can be 
calculated, and it is possible to trace consecutive sections on different slides if 
necessary. The sections were allowed to dry for 5-10 min after the collection 
of the last one, and the slides were stored at -20 ˚C. 
 
4.2.5 Immunofluorescence 
 
Except where indicated otherwise, all the steps described here were 
performed in the dark, inside a custom-made “staining box”, a humidified, 
opaque plastic chamber. Cryosections were allowed to warm to room 
temperature and rehydrated in PBS (3 times, 5 min each; this step also 
removed excess OCT). Heat-induced antigen retrieval was then performed, by 
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immersing the slides in a sodium citrate solution (0.01 M in water, pH 6.0) with 
glycerol (10 % v/v), in a Coplin jar. The jar was then placed in a pre-heated 
water bath, at 70 ˚C, for 1 h. The slides were allowed to cool down to room 
temperature for 10-15 min, and then washed with PBS (5 times, 5 min each). 
Cells were permeabilized with 0.3 % (v/v) Triton X-100 in PBS for 30 min, and 
an additional quenching treatment with 0.1 M glycine in water (pH 7.4) was 
performed for 30 min, in order to block any possible excess aldehyde groups 
from the fixation step. The sections were then washed with Tx buffer (twice, 5 
min each). Primary antibodies were diluted in the same buffer, and the 
sections were incubated with them overnight at 4 ˚C. The sections were then 
washed with Tx buffer (5 times, 5 min each), and incubated with secondary 
antibodies and DAPI (4ʼ, 6-diamino-2-phenylindole, a fluorescent DNA stain), 
diluted in the same buffer, for 1-2 h at room temperature. Sections were then 
washed, first with Tx buffer (5 times, 5 min each) and finally with PBS (1-2 
times, 5 min each). Finally, the slides were mounted with a coverslip, using 
either Mowiol or ProLong Antifade Reagent. The mounting medium was 
allowed to dry overnight, and then the edges of the coverslip were sealed and 
glued to the microscope slide with nail polish, in order to avoid desiccation or 
sliding over the sections while imaging. Slides were stored at 4 ˚C, in the dark. 
 
4.2.6 EdU detection 
 
For analysis of the EdU cumulative labeling experiments, a series of 
additional steps were added to the immunofluorescence protocol; this 
procedure was based on the commercial kit that was used for the EdU 
detection, and optimized by Yoko Arai. After the last washing step (following 
the incubation with the secondary antibodies and DAPI), the sections were 
fixed again with 4 % PFA for 20 min, and quenched with glycine for 15 min. 
they were then washed with 3 % bovine serum albumin (BSA) in PBS (3 
times, 5 min each). During the last BSA washing step, the EdU detection 
mixture was prepared according to manufacturerʼs instructions. The sections 
were incubated with this mixture for 30 min, before being washed out with 3 % 
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BSA in PBS. After an additional BSA wash (3 times, 5 min each), and a PBS 
wash (2 times, 5 min each), the slides were mounted as described. 
 
4.2.7 Image acquisition 
 
Fixed tissue images were acquired either on a Zeiss LSM 510 or a Zeiss LSM 
710 point scanning confocal microscope. All images used for cell counting 
were acquired as tile scans covering the dorsolateral telencephalon, and 
obtained from medial/frontomedial positions along the rostrocaudal axis of the 
brain. The images were acquired with a Zeiss C-Apochromat 40x, 1.2 NA 
objective, as 1 µm-thick optical sections, at a resolution of 2048 x 2048 pixels, 
maximum scanning speed and a line averaging of 4. Laser power, gain and 
offset were adjusted for each sample, maximizing the use of the dynamic 
range by avoiding under or overexposure. Other objectives (Zeiss Plan-
Apochromat 10x, 0.45 NA; Zeiss Plan-Apochromat 20x, 0.8 NA) and imaging 
conditions were used when necessary. The tile scan images were stitched 
with Zen software (Carl Zeiss). 
 
4.2.8 Image analysis and cell counting 
 
All image analysis was performed with ImageJ, either in its standard version 
(http://rsbweb.nih.gov/ij/) or in the Fiji distribution (http://fiji.sc/Fiji). Cell 
counting was performed with the Cell Counter plug-in. After repositioning the 
image as necessary for the apical surface to be horizontal, 250 µm-wide 
windows were cropped from the different proliferative areas within the cortical 
wall. These areas (ventricular zone, inner subventricular zone and outer 
subventricular zone) were identified based on their histological features as 
observed from the DAPI staining. The cropped images were always located 
within the dorsolateral telencephalon, at least 200 µm away from the 
ganglionic eminence. Any areas not readily identifiable, as well as any unclear 
borders between proliferative areas were never included within the counting 
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windows. The contrast and brightness of the original images were adjusted as 
necessary for counting purposes, but never modified in the original files. 
 
4.2.9 Organotypic brain slice culture 
 
For each slice culture experiment, a ferret kit was sacrificed by decapitation. 
Its brain was dissected out, briefly rinsed in Tyrodeʼs solution (all media used 
during this process contained 100 U/ml of penicillin/streptomycin) to remove 
excess blood, and immediately transferred to DMEM-F12 medium; the 
meninges were then carefully removed with fine forceps. The brain was 
embedded in low melting point agarose (3 % in PBS), at 37-39 ˚C, in an 
embedding block, which was placed on ice until the agarose was fully 
polymerized (10-15 min). The brain was vibratome-sectioned in ice-cold 
Tyrodeʼs solution into 250-300 µm thick coronal slices, which were collected in 
DMEM-F12 medium (at room temperature, in order to avoid cold-induced 
tissue curling). The slices were visually selected, based on their integrity and 
their original location along the rostrocaudal axis, and they were trimmed 
around the dorsolateral telencephalon, leaving some support tissue both on 
the ventral and dorsomedial sides. The trimmed slices were transferred, with 
a minimal amount of medium, to an ice-cold collagen solution (2.2 mg/ml in 
DMEM-F12). After briefly soaking in collagen, each slice was transferred to a 
glass-bottom microwell dish, and carefully arranged to lay flat on the bottom of 
the dish (this was done mostly by slowly swirling the collagen around the 
slice, avoiding direct contact with the tissue to prevent damage). The excess 
collagen was removed, leaving a thin layer over the slice, in order to keep it in 
place while allowing for a better access to the culture medium. The dish was 
placed for 5-10 min on a heating block at 37 ˚C, to allow for collagen 
polymerization to start. It was then transferred to an incubation chamber at 37 
˚C, in an oxygen-enriched atmosphere (with continuous supply, at a rate of 
100-150 cc/min, of a 40 % O2, 5 % CO2, 55 % N2 gas mixture, bubbled 
through sterile water at 37 ˚C for humidification), where polymerization 
continued for an additional 30-45 min. Pre-warmed slice culture medium was 
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then added to each dish (1.5-2 ml/dish). For live imaging experiments, slight 
variations of this method were introduced (see below). 
Mouse slice culture was performed essentially as above, the only differences 
being: the use of embryonic, rather than postnatal, tissue (see above for 
sacrifice and collection procedure), the use of a lower collagen concentration 
(1.7 mg/ml), and the supplementation of the slice culture medium with rat 
serum. At the end of the culture period, the slices were briefly washed with 
PBS and fixed with 4 % PFA overnight at 4 ˚C. They were then cryoprotected 
and cryosectioned as described above. 
 
4.2.10 Live imaging 
 
4.2.10.1 Cell labeling 
 
Lipophilic dyes (DiO) 
When this kind of labeling was used, the slice culture method included an 
additional step: after removal of the meninges, the brain was placed for 5-10 
min in ice-cold DMEM-F12 with DiO in suspension (this was achieved by 
adding a small amount [20-100 µl] of DiO crystals dissolved in ethanol to a 
large volume [10-15 ml] of DMEM-F12), with occasional gentle swirling. It was 
then washed twice in ice-cold DMEM-F12, before the agarose embedding; the 
rest of the procedure was carried out as described above.  
 
Adenovirus labeling 
For this type of labeling, an additional step was added to the slice culture 
protocol: after selection and trimming, slices were transferred to a microwell 
dish containing 1-2 ml of DMEM-F12. 1x106-2x107 GFP-expressing 
adenovirus particles were added to the medium, gently placed on top of each 
slice. After allowing for an infection time of 1 h at 37˚C in an oxygen-rich 
atmosphere (see above), the slices were washed three times with DMEM-
F12, and then transferred to ice-cold collagen to continue the process as 
described. Another method, used with mouse embryonic stages, consisted of 
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an overnight incubation of the cerebral hemispheres (after removal of the 
meninges) in slice culture medium containing the viral particles, using a 
rotating culture system with continuous oxygen input. The hemispheres were 
then washed three times in DMEM/F12; the rest of the protocol followed the 
described slice culture method from the embedding step onwards. 
 
4.2.10.2 Live tissue imaging 
 
Live imaging experiments were carried out in a Zeiss LSM 710 system, using 
two-photon illumination, with the excitation laser set at 890 nm. The sample 
was kept in an onstage incubator set at 39 ˚C, with a continuous supply of 40 
% oxygen (same gas mixture as for standard slice culture; see above). The 
microwell plate was covered with a semi-permeable plastic membrane, in 
order to minimize evaporation while allowing gas exchange. The image 
acquisition conditions aimed to minimize photodamage to the cells and 
photobleaching of the fluorophores. The imaging parameters were optimized 
for each individual experiment; typically they would consist of a tile-scan 
covering as much of the dorsolateral telencephalon as possible, capturing a z-
stack of 20-30 sections, spaced 2.5-3 µm apart; the resolution would be 1024 
x 1024 pixels, with maximum scanning speed and a line averaging of 2, and 
the time lapse between images would be 20-30 min. A Zeiss LD C-
Apochromat 40x, 1.1 NA long-distance objective, connected to an objective 
heater set at 39 ˚C, was used. A non-descanned detector (highly sensitive to 
any light pollution) was used to detect the signal from the sample, so the 
whole system was covered with an opaque black cloth for the duration of the 
experiments. Live imaging files were visualized with the LOCI Bio-Formats 
Importer Fiji plugin. 
 
 
 
 
 
	   87	  
4.2.11 Figures and data analysis 
 
ImageJ was used for all image analysis and processing. Cell counting data 
were compiled with Microsoft Excel 2008, and most statistical analyses were 
performed with GraphPad Prism v5.0a; graphs were drawn with both 
programs. Figures were organized, drawn and/or edited using Adobe 
Illustrator CS3 v13.0.2. 
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